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PREFACE 


This  technical  report  was  prepared  by  the  Center  for  Information  and 
Numerical  Data  Analysis  and  Synthesis  (CINDAS),  Purdue  University,  West  Lafayette, 
Indiana,  under  the  auspices  of  the  Office  of  Standard  Reference  Data  of  the 
National  Bureau  of  Standards  (NBS),  Department  of  Commerce,  Washington,  D.C. 

This  report  represents  the  most  exhaustive  compilation  and  critical 
evaluation  of  the  recorded  world  knowledge  on  the  electrical  resistivity  of 
chromium,  cobalt,  iron,  and  nickel,  and  is  one  of  a  series  of  technical  reports 
on  the  electrical  resistivity  of  selected  elements.  The  literature  search  and 
data  compilation  have  been  done  in  a  most  extensive  and  detailed  manner,  making 
it  possible  for  all  users  of  the  subject  to  have  access  to  the  original  data 
without  having  to  duplicate  the  laborious  and  costly  process  of  literature  search 
and  data  extraction.  Also,  for  the  active  researchers  in  the  field,  a  detailed 
discussion  is  presented  for  each  material,  reviewing  the  available  data  and 
Information,  giving  details  of  data  analysis  and  synthesis,  and  discussing  the 
considerations  involved  in  arriving  at  the  final  recommended  values. 

It  is  hoped  that  this  work  will  prove  useful  not  only  to  the  engineers  and 
scientists  in  the  field  but  also  to  other  engineering  research  and  development 
programs  and  for  industrial  applications,  as  it  provides  a  wealth  of  knowledge 
heretofore  unknown  or  inaccessible  to  many.  In  particular,  it  is  thought  that 
the  critical  evaluation,  analysis  and  synthesis,  and  reference  data  generation 
constitute  a  unique  aspect  of  this  work. 

Although  this  report  is  primarily  the  result  of  financial  support  and  interest 
of  the  NBS  Office  of  Standard  Reference  Data,  the  extensive  documentary  activity 
essential  to  this  work  was  supported  by  the  Defense  Logistics  Agency  of  the 
Department  of  Defense.  Thanks  are  due  Dr.  H.  J.  White,  Jr.,  of  the  NBS  Office 
of  Standard  Reference  Data  for  his  guidance,  cooperation,  and  sympathetic  under¬ 
standing  during  the  course  of  this  work. 
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ABSTRACT 


This  work  compiles,  reviews,  and  discusses  the  available  data  and 
information  on  the  electrical  resistivity  of  chromium,  cobalt,  iron,  and 
nickel  and  presents  the  recommended  values  resulting  from  critical  evalu¬ 
ation,  correlation,  analysis,  and  synthesis  of  the  available  data  and  in¬ 
formation.  The  recommended  values  presented  are  uncorrected  and  also 
corrected  for  the  thermal  expansion  of  the  material  and  cover  the  tempera¬ 
ture  range  from  1  K  to  above  the  melting  point  into  the  molten  state.  The 
estimated  uncertainties  in  most  of  the  recommended  values  are  about  ±5%. 

Key  words:  Chromium;  cobalt;  conductivity;  critical  evaluation;  data 
analysis;  data  compilation;  data  synthesis;  electrical  conductivity; 
electrical  resistivity;  elements;  iron;  metals;  nickel;  recommended  values 
resistivity. 
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NOMENCLATURE 

A  Constant  in  eqs  (3b)  and  (8) 
c  Imparity  concentration 

C  Constant  in  eq  (3a) 

e  Base  of  natural  logarithm 

t!  Planck  constant  divided  by  2n 

k  Boltzmann  constant 

L  Length  of  specimen  at  T 

L0  Length  of  specimen  at  T0 

AL  AL  =  L  -  L0 

M  Atomic  weight 

T  Temperature 

T0  Reference  temperature 

x  x  *  tka/kT 

a  Constant  in  eqs  (7)  and  (8) 

A  Deviation  from  the  Matthiessen's  rule 

0p  Debye  temperature 

8  Characteristic  temperature  for  intrinsic  electrical  resistivity 

p  Electrical  resistivity 

p0  Residual  electrical  resistivity 

Pe  Electrical  resistivity  due  to  electron-electron  scattering 
p^  Intrinsic  electrical  resistivity 

a)  Phonon  angular  frequency 
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1.  INTRODUCTION 

The  principal  objective  of  this  project  was  to  exhaustively  compile, 
critically  evaluate,  analyze,  and  synthesize  all  the  available  data  and  infor¬ 
mation  on  the  electrical  resistivity  of  a  large  number  of  selected  elements 
and  to  generate  recommended  values  over  a  full  range  of  temperature  from  1  K 
to  the  melting  point  and  beyond.  The  results  on  the  electrical  resistivity  of 
chromium,  cobalt,  iron,  and  nickel  are  presented  in  this  work,  which  is  one  in 
a  series  of  similar  works  on  the  electrical  resistivity  of  selected  elements, 
some  published  [ 1—  3 ] 1 .  The  comprehensive  study  of  the  electrical  resistivity 
of  the  elements  at  the  Center  for  Information  and  Numerical  Data  Analysis  and 
Synthesis  (CINDAS)  has  been  a  continuation  of  a  similar  extensive  work  on  the 
thermal  conductivity  of  the  elements  [4], 

The  general  background  information  on  this  work  is  given  in  Section  2, 
which  includes  a  brief  introduction  to  the  theory  of  the  electrical  resistivity 
of  metals  and  a  detailed  explanation  of  the  specifics  and  conventions  used  in 
the  presentation  of  the  data  and  information. 

The  experimental  data  and  information  and  the  recommended  values  for  the 
electrical  resistivity  of  the  four  elements  are  presented  in  Section  3.  In  the 
discussion  of  the  electrical  resistivity  of  each  element,  individual  pieces  of 
available  data  and  information  are  reviewed,  details  of  data  analysis  and  synthe¬ 
sis  are  given,  the  considerations  involved  in  arriving  at  the  final  assessment 
and  recommendation  are  discussed,  the  recommended  values  and  the  experimental 
data  are  compared,  and  the  uncertainties  in  the  recommended  values  are  stated. 
Recommended  values  uncorrected  and  corrected  for  the  thermal  expansion  of  the 
material  are  both  presented  in  this  section.  The  values  cover  the  temperature 
range  from  1  K  to  above  the  melting  point. 

The  last  three  sections  are  for  acknowledgments,  appendices,  and  references. 
There  are  two  appendices  given.  The  first  appendix  presents  a  logical  organization 
of  the  methods  for  the  measurement  of  electrical  resistivity.  The  methods  are 
are  designated  with  respective  code  letters  and  the  same  code  letters  are  used 
in  the  "Method  Used"  column  of  the  Table  of  Measurement  Information  for  indicating 


lumbers  in  brackets  indicate  literature  references  listed  in  Section  6. 


2 


Che  experimental  methods  used  by  the  various 
presents  conversion  factors  for  the  units  of 
may  be  used  to  convert  easily  the  electrical 
units  given  in  this  work  to  values  in  any  of 


authors.  The  second  appendix 
electrical  resistivity,  which 
resistivity  values  in  the  SI 
the  several  other  units  listed 
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2.  GENERAL  BACKGROUND 


2.1.  Theoretical  Background 

It  was  found  experimentally  by  Matthiessen  [5,6]  that  the  increase  in  the 
electrical  resistivity  of  a  metal  due  to  the  presence  of  a  small  amount  of 
another  metal  in  solid  solution  is  independent  of  the  temperature.  According 
to  this  Matthiessen' s  rule,  the  total  electrical  resltivity  of  an  impure 
metal  may  therefore  be  separated  into  two  additive  contributions  and  written 
in  the  form 

p(c,T)  =  p0(c)  +  p±(T) ,  (1) 

where  p0  is  the  residual  resistivity  caused  by  the  scattering  of  electrons  by 
impurity  atoms  and  lattice  defects  and  is  temperature-independent  but  dependent 
on  the  impurity  concentration,  c,  and  p^  is  the  temperature-dependent  intrinsic 
resistivity  arising  from  the  scattering  of  electrons  by  lattice  waves,  or 
phonons . 

In  reality,  however,  deviations  from  Matthiessen' s  rule  do  occur.  Thus, 
in  general  the  electrical  resistivity  of  an  impure  metal  is  given  by 

p(c,T)  =  pfl(c)  +  Pt(T)  +  A(c,T) ,  (2) 

where  A  is  the  deviation  from  the  Matthiessen 's  rule. 

The  intrinsic  electrical  resistivity  which  is  due  to  scattering  of 
electrons  by  phonons  may  be  approximated  by  the  Bloch-Griineisen  formula  [7,8J: 


f  T 

5 

A 

R 

VT 


5  X  , 

x  e  dx 
(eX  -  l)2 


(3a) 


=  A 


0r/T 


x5ex  dx 
(ex  -  l)2’ 


(3b) 


where  C  is  a  constant  characteristic  of  the  metal  and  proportional  to  the 
square  of  the  electron-phonon  interaction  constant,  M  is  the  atomic  weight, 
0^  is  a  characteristic  temperature  of  the  metal  which  characterizes  its 
intrinsic  electrical  resistivity  in  the  same  way  as  the  Debye  temperature, 


0  ,  characterizes  its  lattice  specific  heat,  and  A  =  C/M0  .  The  dimensionless 
D  K 

variable  of  integration  x  =  tiu/kT,  where  tr  is  the  Planck  constant  divided  by 
2tt,  uj  is  the  phonon  angular  frequency,  and  k  is  the  Boltzmann  constant.  The 
derivation  of  eq  (3)  is  based  on  the  simplifying  assumptions  that  the  Fermi 
surface  is  spherical,  that  the  conduction  electrons  can  be  treated  as  free  in 
the  first  approximation,  that  the  spectrum  of  lattice  vibrations  is  that  of 
the  Debye  model,  that  the  phonon  distribution  is  essentially  undisturbed  by 
the  scattering  processes,  and  that  electron-phonon  Umklapp  processes  can  be 
ignored.  Consequently,  it  is  perhaps  most  reasonable  to  expect  the  Bloch- 
Griineisen  formula  to  agree  with  experiment  in  the  case  of  monovalent  metals. 
Nevertheless,  the  intrinsic  resistivity  of  many  metals  can  be  well  represented 
by  eq  (3)  over  a  wide  temperature  range  by  a  suitable  choice  of  0  and  C, 
though  no  single  values  of  0R  can  fits  the  data  at  all  temperatures. 

At  low  temperatures  (T  <  0R/2O),  eq  (3a)  reduced  to 


Pi  = 


124. 4C 
M0_ 


(4) 


while  at  high  temperatures  (T  >  0D),  to  a  good  approximation,  it  reduces  to 

K 


_ c_ 

pi  ~  4M0t 


0_ 


(5) 


Thus  it  agrees  with  the  experimental  facts  that  at  very  low  temperatures  the 
intrinsic  electrical  resistivity  (after  subtracting  Po  from  p)  of  most  metal¬ 
lic  elements  is  proportional  to  T5,  and  at  high  temperatures  the  resistivity 
of  most  metals  increases  approximately  linearly  with  temperature. 


In  separating  the  electrical  resistivity  into  its  components,  the  temper¬ 
ature  dependent  part  sometimes  includes  the  electrical  resistivity  due  to 
electron-electron  scattering,  Pe?  indeed,  this  is  thought  to  be  the  dominant 
temperature-dependent  term  in  transition  metals  at  low  temperatures.  That  is, 

p  -  p0  +  pg  +  pt(T)  (6) 


As  in  the  case  of  the  scattering  of  electrons  by  phonons,  electron-electron 
collisions  are  of  two  types:  normal  processes  in  which  the  total  wave  vector 
is  conserved,  and  Umklapp  processes  in  which  the  total  wave  vectors  before  and 
after  the  collision  differ  by  a  reciprocal  lattice  vector.  On  the  other  hand, 
unlike  electron-phonon  Umklapp  processes  which  are  frozen  out  at  low  temperatures 


5 


if  Che  Feral  surface  is  everywhere  clear  of  Che  zone  boundary,  elec Cron-electron 
Umklapp  processes  are  noC  frozen  ouC  aC  low  CemperaCures .  Normal  processes, 
involving  Che  collision  beCween  two  s-band  conduction  electrons,  do  not  con¬ 
tribute  directly  to  the  electrical  resistivity  because  they  do  not  change  the 
total  momentum  and  thus  have  no  effect  on  the  current.  Normal  processes  in¬ 
volving  the  scattering  of  an  s-band  conduction  electron  by  a  non-conducting 
d-band  electron  do  contribute  to  the  electrical  resistivity,  and  are  thought 
to  be  the  dominant  temperature-dependent  resistive  processes  in  transition 
elements  and  their  alloys  at  very  low  temperatures,  since  their  resistivities 
show  the  Tz  temperature  dependence  expected  for  electron-electron  scattering 
rather  than  the  T5  temperature  dependence  expected  for  the  intrinsic  resistivity. 
This  temperature  dependence  of  the  electrical  resistivity  due  to  electron- 
electron  scattering: 

p  =  CtT2  (7) 

e 

comes  about  through  the  double  application  of  the  exclusion  principle  in  the 
scattering  processes;  it  applies  to  both  the  initial  states  and  final  states. 

In  eq  (7),  a  is  a  constant. 

Umklapp  processes  between  two  conduction  electrons  do  contribute  to  the 
electrical  resistivity.  Because  these  processes  involve  a  reciprocal  lattice 
vector,  the  wave  functions  of  the  electrons  involved  cannot  be  regarded  as 
simple  plane  waves,  but  must  be  treated  as  true  Bloch  functions  having  the 
periodicity  of  the  lattice.  The  results  of  this  are  to  introduce  into  the 
expression  for  the  resistivity  the  square  of  an  interference  factor.  Appar¬ 
ently  this  factor  is  quite  small,  as  the  low  temperature  electrical  resistivity 
of  most  ordinary  metals  does  not  show  the  T  temperature  dependence  expected 
for  such  a  resistive  mechanism. 

Substituting  eqs  (7)  and  (3b)  into  eq  (6)  yields 


P 


p0  +  otT2  +  A 


VT 

4 


x5exdx 
(ex-l) 2  ’ 


(8) 


Equation  (8)  has  been  used  frequently  in  analyzing  the  experimental  data  and 
in  generating  the  recommended  values  for  the  electrical  resistivity  of  cobalt, 
iron,  and  nickel  at  low  temperatures. 
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2.2.  Presentation  of  Data  and  Information 

In  each  of  the  subsections  in  Section  3,  electrical  resistivity  data  and 
information  for  each  element  are  presented  in  the  following  order: 

(1)  A  discussion  text, 

(2)  A  table  of  recommended  values, 

(3)  A  figure  presenting  recommended  values  and  experimental  data  as  a 
function  of  temperature  in  log-log  scale, 

(4)  A  figure  presenting  recommended  values  and  experimental  data  as 
a  function  of  temperature  in  linear  scale, 

(5)  A  table  giving  measurement  information  on  the  experimental  data 
presented  in  the  figures,  and 

(6)  A  comparable  table  tabulating  experimental  data  of  all  the  data  sets 
presented  in  the  figures  and/or  listed  in  the  tables. 

In  the  discussion  text  on  the  electrical  resistivity  of  each  alloy  system, 
individual  pieces  of  available  data  and  information  are  reviewed,  details  of 
data  analysis  and  synthesis  are  given,  the  considerations  involved  in  arriving 
at  the  final  assessment  and  recommendation  are  discussed,  the  recommended 
values  and  the  experimental  data  are  compared,  and  the  uncertainties  of  the 
recommended  values  are  stated. 

The  recommended  values  are  for  well-annealed  high-purity  specimens  of  the 
respective  elements;  however,  those  values  for  low  temperatures  are  applicable 
only  to  the  particular  specimens  having  residual  electrical  resistivities  as 
given  at  1  K  in  the  tables. 

Recommended  values  uncorrected  and  corrected  for  the  thermal  expansion 
of  the  element  are  both  given  in  the  table.  The  uncorrected  and  corrected 
values  are  related  by  the  following  equation: 

’corrected™  '  (*  +  ^  ’uucorrectod™- •  <» 

where  AL  »  L  -  L0,  and  L  and  L0  are  the  lengths  of  the  specimen  at  any  temper¬ 
ature  T  and  at  a  reference  temperature  T0,  respectively.  The  thermal  expansion 
correction  amounts  roughly  to  about  -0.2%  to  -0.7%  at  very  low  temperatures, 
zero  at  room  temperature,  about  0.3%  to  0.7%  at  500  K,  and  about  2%  near  the 
melt  ng  point  of  the  element. 
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The  recommended  values  in  some  cases  are  given  with  more  significant 
figures  than  warranted,  which  is  merely  for  tabular  smoothness  or  for  the 
convenience  of  internal  comparison.  Hence,  the  number  of  significant  figures 
given  in  the  table  has  no  bearing  on  the  degree  of  accuracy  or  uncertainty  in 
the  values;  the  uncertainty  in  the  values  is  always  explicitly  stated. 

In  the  figures,  a  data  set  consisting  of  a  single  data  point  is  denoted 
by  a  number  enclosed  by  a  square,  and  a  curve  that  connects  a  set  of  two  or 
more  data  points  is  denoted  by  a  ringed  number.  These  data  set  numbers  cor¬ 
respond  to  those  listed  in  the  accompanying  tables  providing  measurement  in¬ 
formation  and  tabulating  numerical  data  for  each  of  the  data  sets.  When 
several  sets  of  data  are  too  close  together  to  be  distinguishable,  some  of  the 
data  sets,  though  listed  and  tabulated  in  the  tables,  are  omitted  from  the 
figure  for  the  sake  of  clarity.  The  data  set  numbers  of  those  data  sets 
omitted  from  the  figure  are  asterisked  in  both  tables  providing  the  measure¬ 
ment  information  and  tabulating  the  experimental  data.  If  only  part  of  the 
data  points  of  a  data  set  are  omitted  from  the  figure,  only  those  data  points 
omitted  are  asterisked  in  the  table  tabulating  the  experimental  data. 

The  tables  providing  the  measurement  information  contain  for  each  set  of 
experimental  data  the  following  information:  data  set  number,  reference  number, 
author(s),  year  of  publication,  experimental  method  used  for  the  measurement, 
temperature  range  covered  by  the  data,  name  and  specimen  designation,  specimen 
composition,  specification  and  characterization,  and  information  on  measure¬ 
ment  conditions,  which  are  contained  in  the  original  paper.  The  experimental 
methods  used  for  the  measurement  of  the  electrical  resistivity  are  indicated 
in  the  column  heated  "Method  Used"  in  the  table  by  the  following  code  letters: 

A  Direct-current  potentiometer  method 

B  Direct-current  bridge  method 

C  Alternating-current  potentiometer  method 

D  Alternating-current  brige  method 

G  Galvanometer  amplifier  method 

R  Rotating  magnetic  field  method 

V  Voltmeter  and  ammeter  direct  reading  method 
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->  This  symbol  means  either  that  the  method  described  by  the  author  is 
not  sufficient  for  assigning  a  specific  code  letter  or  that  the  use 
of  a  code  letter  would  not  convey  enough  of  the  information  reported 
in  the  research  document,  and  therefore  the  method  used  is  described 
briefly  in  the  last  column  of  the  table. 

Details  of  these  and  other  methods  for  the  measurement  of  electrical  resistivity 
may  be  found  in  the  literature  references  given  in  Appendix  5.1,  which  pre¬ 
sents  a  complete  scheme  for  the  classification  and  organization  of  the  methods. 

In  the  tables  tabulating  the  experimental  data,  all  the  original  data 
reported  in  different  units  have  been  converted  to  have  the  same  units:  the 
SI  units  10  8  ft  m.  The  recommended  values  generated  are  also  given  in  the 
same  units.  Conversion  factors  for  the  units  of  electrical  resistivity,  which 
may  be  used  to  convert  the  electrical  resistivity  values  in  the  SI  units  given 
in  this  work  to  values  in  other  units,  are  given  in  Appendix  5.2. 
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3.  ELECTRICAL  RESISTIVITY  DATA  AND  INFORMATION 
3.1.  Chromium 

There  are  163  sets  of  experimental  data  available  for  the  electrical 
resistivity  of  chromium.  The  information  on  specimen  characterization  and 
measurement  condition  for  each  of  the  data  sets  is  given  in  table  2.  The  data 
are  tabulated  in  table  3  and  shown  partially  in  figures  1  and  2. 

Chromium  undergoes  an  antiferromagnetic-paramagnetic  transition  at  about 
312  K;  it  is  not  surprising  that  more  than  one  third  of  the  data  sets  deal  with 
the  behavior  of  the  electrical  resistivity  at  temperatures  in  the  vicinity  of 
the  transition.  In  general,  the  purities  of  the  chromium  specimens  studied  are 
not  as  high  as  those  of  other  more  common  elements,  such  as  iron  and  nickel. 
Judging  from  the  impurity  analyses  reported,  a  purity  of  99.99%  appears  to  be 
the  highest  available  at  the  present  time.  It  is  therefore  not  unexpected  that 
the  reported  residual  resistivity  ratios  are  not  very  high.  Indeed,  the  highest 
for  a  polycrystalline  specimen  is  380  given  by  Laubitz  and  Matsumura  [9]  (data 
sets  53-61).  Their  specimen  was  the  same  as  that  of  Moore  et  al.  [10]  (data 
sets  50-52),  who  reported  a  residual  resistance  ratio  of  280.  This  specimen 
was  prepared  by  compacting  (apparently  small)  crystals,  and  by  hot  extending. 

The  former  authors,  in  addition,  carried  out  extended  annealing  periods:  four 
days  at  1100  K  and  one  day  at  1200  K.  The  reported  purity  of  this  specimen  was 
not  particularly  high;  99.98+%  with  major  impurities  of  0.0070%  C  and  0.0030%  Fe. 
For  comparison,  the  cast  specimen  of  Meaden  et  al.  [11-13]  (data  sets  69-75), 
had  a  reported  purity  of  99.999%  with  major  impurities  of  0.0010%  C  and  0.0080%  0. 
However,  the  residual  resistance  ratio  of  this  specimen  is  only  178.  After 
annealing  at  >1273  K  for  75  hours  (of  which  50  hours  is  at  1473  K) ,  the  residual 
resistance  ratio  increases  to  295  (data  sets  76,  77).  It  is  apparent  that.  In 
order  to  obtain  a  true  indication  of  the  residual  resistivity  of  a  chromium 
specimen,  prolonged  annealing  at  temperatures  in  excess  of  1000  K  is  quite 
essential.  The  present  recommendation  for  the  electrical  resistivity  of 
chromium  at  low  temperatures  is  only  for  chromium  having  a  particular  residual 
resistivity,  which  is  based  on  the  residual  resistance  ratio  reported  by  Laubitz 
and  Matsumura  [9]  for  data  set  53. 

There  are  only  a  few  data  sets  which  give  the  electrical  resistivity  of 
chromium  from  liquid-helium  temperature  to  room  temperature  in  reasonably  small 
temperature  intervals:  Harper  et  al.  [14]  (data  set  17),  Goff  [15,16]  (data 
sets  79,80),  and  Arajs  et  al.  [17-20]  (data  sets  94-102).  The  data  of  Harper 
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et  al.  had  been  analyzed  by  White  and  Woods  [21]  who  found  the  temperature 
dependent  part  of  the  resistivity  proportional  to  T3*2  for  temperatures  below 
100  K.  A  similar  analysis  on  the  data  sets  7,  79-80,  and  99-100  substantiated 
the  finding  of  White  and  Woods;  the  exponent  was  found  to  be  3.23,  with  an  un¬ 
certainty  of  ±0.20.  In  addition,  selected  data  points  from  those  reported  by 
Chiu  et  al.  [22]  (data  set  46),  and  by  Moore  et  al.  [10]  (data  sets  47-50)  in 
the  temperature  range  80-100  K  are  also  in  agreement  with  this  finding.  With 
a  coefficient  of  5.756  x  10  15£2m  K  3,23 ,  the  experimental  data  of  p-p0  pre¬ 
dominantly  stay  within  0.1  x  10  aQm  of  the  calculated  values  at  the  higher  end 
of  this  temperature  range,  and  within  0.002  x  10  8  £2 m  at  lower  temperatures 
(<20  K) .  (It  is  interesting  to  note  that  the  specimen  of  Arajs  et  al.  [17,18] 
(data  sets  94-99)  is  for  a  single  crystal  specimen  with  residual  resistivity  of 
1.06  x  10  8£2m.)  The  electrical  resistivity  values  below  100  K  were  therefore 
obtained  by  the  relation 

p(10~8  £2m)  =  p0  +  5.756  x  10_7T3*23  (10) 

At  temperatures  above  100  K,  the  rate  of  increase  of  the  temperature 
dependent  part  of  the  resistivity  becomes  slower  with  increasing  temperature. 

The  discrepancies  between  the  data  sets  also  become  larger  with  increasing  tem¬ 
perature,  indicating  that  the  deviation  from  Mattheissen' s  Rule  becomes  important. 
From  studies  of  the  electrical  resistivities  of  chromium  alloys  (see,  e.g., 

Arajs  et  al.  [20],  deVries  [23],  Cox  and  Lucke  [24],  Taylor  [25],  and  Muheim 
and  Muller  [26]),  it  was  found  that  Impurities  not  only  affect  the  values  of 
the  resistivity,  but  also  the  Neel  temperature.  Since  the  electrical  resis¬ 
tivities  of  chromium  and  dilute  chromium  alloys  generally  show  a  local  maximum 
at  temperatures  slightly  below  the  Neel  temperature,  it  is  not  unexpected  that 
the  data  sets  show  greater  discrepancies  as  the  Neel  temperature  is  approached. 
Furthermore,  depending  on  the  type  of  impurity,  the  electrical  resistivity  of  a 
chromium  alloy  can  be  lower  than  that  of  the  pure  chromium  at  temperatures 
immediately  below  the  Neel  temperature  of  pure  chromium  (see,  e.g.,  Taylor  [25], 
Susuki  [27]  and  deVries  [23]).  The  recommended  values  in  the  temperature  range 
from  100  K  to  the  Neel  temperature  are  based  on  the  data  of  Moore  et  al.  [10] 

(data  set  50),  and  in  the  vicinity  of  the  Neel  temperature  they  are  based  on 
the  above  data  and  that  of  Laubitz  and  Matsumura  [9]  (data  set  53).  As  it  is 
mentioned  previously,  the  same  specimen  was  used  in  both  of  these  two  measure¬ 
ments:  the  latter  authors  annealed  the  specimen  at  a  higher  temperature  for 


11 


long  periods  of  time.  The  difference  between  the  resistivity  values  of  these 
data  sets  at  ^300  K  is  ^0.4%  or  ^0.05  x  10  8ftm.  This  difference  is  higher 
than  the  difference  of  'VO.Ol  x  10  8  ft m  in  their  residual  resistivities  (calculated 
from  the  reported  residual  resistance  ratios);  but  is  still  within  the  limits 
given  by  the  reported  measurement  inaccuracies.  The  data  of  Meaden  et  al.  [13, 

28]  (data  sets  76-78)  for  a  specimen  with  a  residual  resistance  ratio  of  295 
show  slightly  weaker  temperature  dependence:  the  values  being  ^10%  above  and 
^2Z  below  those  of  data  set  50  at  M00  K  and  ^300  K,  respectively. 

The  behavior  of  the  electrical  resistivity  of  chromium  in  the  vicinity  of 
the  Neel  temperature  has  been  studied  quite  extensively:  it  goes  through  a 
broad  maximum  at  approximately  4  K  below  the  Neel  temperature  and  decreases 
rapidly  as  the  Neel  temperature  is  approached.  The  temperature  derivative  of 
the  electrical  resistivity  then  goes  through  a  spike-like  minimum.  The  ensuing 
minimum  in  electrical  resistivity  value  occurs  at  a  few  tenth  of  a  degree  above 
the  Neel  temperature.  The  position  of  the  minimum  in  the  temperature  derivative 
has  been  associated  with  the  Neel  temperature.  However  it  has  been  proposed 
recently,  from  theoretical  calculations,  that  the  temperature  derivative  of  the 
electrical  resistivity  should  follow  a  power  law  relation:  (Tjj-T)Tn  1  (see, 
e.g.,  Suezaki  and  Mori  [29],  Alexander  et  al.  [30]).  The  recent  publication 
by  Rapp  et  al.  [31]  showed  that  the  power  law  was  only  applicable  in  the  tem¬ 
perature  range  from  -  8.5  K  to  Tjj  -  0.5  K,  and  the  temperature  derivative  of 
the  measured  resistance  was  at  a  minimum  at  about  0.18  degree  below  Ty  determined 
by  a  fit  to  the  power  law  relation.  The  simulataneous  measurements  of  electrical 
resistivity  and  sublattice  magnetization  by  neutron  diffraction  method  on  a 
single  crystalline  iodide  chromium  specimen  by  Ishikawa  et  al.  [32]  (data  set 
158),  showed  that  the  minimum  in  the  electrical  resistivity  occurred  at  about 
0.5  degree  above  the  Neel  temperature.  They  also  found  that  there  was  some 
residual  ordering  above  the  transition.  This  residual  ordering  persisted  till 
M15  K,  and  was  attributed  by  the  authors  to  the  strain  introduced  in  spot 
welding  the  specimen.  However,  this  interpretation  appears  to  be  in  conflict 
with  the  observation  of  Stebler  [33]  (data  sets  112-115),  who  reported  considerable 
hysteresis  across  the  Neel  transition.  Stebler  attributed  the  hysteresis  to 
(thermal)  strain,  but  failed  to  observe  appreciable  residual  ordering  (again 
with  neutron  diffraction  method)  in  his  specimen.  It  is  apparent  that  the 
critical  phenomenon  of  antiferromagnetic-paramagnetic  transition  in  chromium  is 


a  complex  one  and  is  still  subject  to  further  Investigations.  Experimentally, 
the  accurate  determination  of  the  electrical  resistivity  in  the  close  vicinity 
of  the  Neel  temperature  poses  considerable  difficulties.  This  is  due  to  the 
rapid  change  in  the  temperature  derivative  of  the  electrical  resistivity  over 
a  narrow  temperature  range,  while  the  value  of  the  electrical  resistivity  itself 
changes  only  slightly.  Thus,  even  for  the  same  specimen,  Laubitz  and  Matsumura 
[9]  (data  set  53)  found  that  the  position  of  the  resistivity  minimum  was  at 
311.7  K,  but  from  the  data  of  Moore  et  al.  [34]  (data  set  63),  it  appeared  that 
the  minimum  occurred  at  around  312.3  K.  For  comparison,  Matsumoto  and  Mitsui 
[35]  stated  that  the  minimum  was  at  312.0  K  for  a  specimen  with  residual  resis¬ 
tivity  ratio  comparable  to  that  of  the  above  (350  instead  of  380).  For  these 
reasons,  it  is  concluded  that  a  recommendation  for  the  detailed  variation  of  the 
electrical  resistivity  of  chromium  at  the  close  vicinity  Cv±0.5  degree  K)  is 
beyond  the  scope  of  the  present  study.  The  position  of  the  resistivity  minimum 
is  tentative  taken  at  311.7  K  following  Laubitz  and  Matsumura  [9],  as  these 
authors  apparently  made  their  measurements  at  very  small  temperature  intervals. 

This  temperature  is  within  ±0.2  degree  of  those  determined  from  the  data  of 
Anderson  et  al.  [36]  (data  set  87),  Stebler  [33]  (data  sets  114,  115)  and  Trego 
and  Mackintosh  [37]  (data  set  116).  The  Neel  temperature  of  chromium  is  tenta¬ 
tively  taken  as  311.5  K,  as  determined  by  specific  heat  measurements. 

Even  though  hysteresis  across  the  Neel  transition  is  not  generally  mentioned 
by  most  authors,  it  has  been  reported  by  some:  Mitsui  and  Tomizuka  [38]  (data 
sets  33,  34),  and  Stebler  [33]  (data  sets  112,  113).  If  the  hysteresis  is  caused 
by  strain,  as  suggested  by  Stebler  [33],  it  should  disappear  in  specimens  that 
have  been  annealed  for  a  sufficiently  long  period  of  time  at  high  temperatures 
and  are  heated  up  and/or  cooled  down  through  the  transition  at  a  sufficiently 
slow  rate  during  the  measurements. 

For  chromium,  there  is  another  transition  occurring  at  about  120  K:  the 
spin-flip  transition.  At  this  temperature,  the  polarizations  of  the  spin-density 
waves,  which  give  rise  to  the  antiferromagnetism  in  chromium,  changes  from  longi¬ 
tudinal  (at  lower  temperatures)  to  transverse  (at  higher  temperatures).  Arajs 
[39],  upon  reanalyzing  the  earlier  data  of  Arajs  and  Dunmyre  [19]  (data  set  100), 
concluded  that  there  is  a  change  in  the  temperature  coefficient  of  the  resistivity, 
which  was  first  reported  by  Matsumoto  et  al.  [35].  Meaden  et  al.  [12,13]  (data 
sets  1-77)  reported  a  step-type  anomaly,  in  addition  to  a  change  of  slope. 


However,  the  slope  changes  reported  are  quite  different:  from  T2'*  to  T2,0 
according  to  Arajs  (39]  and  from  T2*45  to  X2*2S  according  to  Meaden  et  al. 

[12,13],  In  addition,  the  step-type  anomaly,  also  reported  by  Kostina  et  al. 

[40]  (data  sets  134,  138)  for  single  crystalline  specimen,  is  in  the  opposite 
direction  (a  decrease  Instead  of  an  Increase  in  value)  to  that  reported  by 
Meaden  et  al.  [12,13].  Most  other  authors  did  not  report  any  unusual  behavior 
of  the  electrical  resistivity  at  this  temperature,  and  Moore  et  al.  [10]  stated 
that  the  spin-flip  transition  did  not  have  a  noticeable  effect  on  the  electrical 
resistivity.  Muir  and  Strom-Olsen  [41]  also  did  not  detect  any  change  of  the 
temperature  coefficient  of  the  measured  resistance  of  their  single  domain  speci¬ 
men  at  the  spin— flip  temperature.  In  generating  the  present  recommended  values, 
it  is  assumed  that  the  electrical  resistivity  is  not  affected  by  this  transition, 
and  the  values  and  their  temperature  derivative  are  continuous  through  the 
transition. 

At  temperatures  above  the  Neel  transition,  the  electrical  resistivity  of 
chromium  varies  smoothly  with  temperature.  Among  the  available  data  sets,  there 
are  three  from  independent  sources  that  agree  well  with  one  another:  Moore  et  al. 
[34]  (data  set  64),  Arajs  et  al.  [20]  (data  set  102),  and  Cox  and  Lucke  [24] 

(data  set  103).  The  agreement  between  data  sets  64  and  102  is  within  IX  from 
400  to  1000  K,  and  between  data  sets  64  and  103  is  within  2.5%  from  400  to  1300  K. 
The  recommended  values  from  the  Neel  temperature  to  1300  K  are  based  on  these 
three  data  sets,  with  more  weight  given  to  that  of  Moore  et  al.  [34]  (data  set 
64)  since  the  specimen  of  this  data  set  is  the  same  as  that  of  data  sets  50  and 
53  upon  which  the  recommended  values  at  lower  temperatures  are  based.  It  should 
be  noted  here  that  the  resistivity  values  reported  by  Moore  ct  al.  [34]  had  been 
corrected  for  thermal  expansion.  However,  these  authors  did  not  report  the  method 
by  which  the  correction  was  applied.  Therefore,  the  comparison  mentioned  above 
was  carried  out  after  account  had  been  taken  of  the  effect  of  thermal  expansion, 
using  the  recommended  thermal  expansion  values  of  Touloukian  et  al.  [42,  p.  61]. 

There  are  a  number  of  data  sets  for  temperatures  above  1300  K.  The  agreement 
between  them  is  not  good:  the  spread  among  them  is  about  20  x  10”®nm  at  1500  K 
and  30  x  10  ®  (2m  at  1900  K.  Even  though  there  are  five  data  sets  (26,  27,  29,  82, 
83)  from  essentially  two  groups  of  workers  that  show  agreement  within  ±4  x  10~8ftm 
at  1700  K,  these  data  are  considered  not  reliable.  Those  by  Anderson  et  al.  [43] 
(data  sets  82,  83)  give  values  that  are  much  too  low  at  lower  temperatures,  and 


those  by  Baum  et  al.  [44,45]  (data  sets  26,  27),  and  by  Levin  et  al.  [46]  (data 
set  29)  show  slopes  that  are  considered  too  low.  In  addition,  the  room  tempera¬ 
ture  value  given  by  data  set  26  is  much  too  high  (by  ^.5  x  10_8ftm  than  the 
recommended  value).  The  recommended  values  from  1300  to  1700  K  were  derived  by 
extrapolation  of  the  recommended  values  for  lower  temperatures  with  a  temperature 
dependence  that  was  based  roughly  on  the  data  by  Powell  and  Tye  [47]  (data  set 
106)  and  by  Anderson  et  al.  [43]  (data  set  84).  In  this  temperature  range,  both 
of  these  data  sets  show  a  slight  curvature  toward  the  temperature  axis,  and  are 
more  or  less  parallel  to  each  other,  even  though  data  set  106  is  for  a  99.985% 
pure  electrodeposited  specimen  and  data  set  84  is  apparently  for  a  single  crystal¬ 
line  specimen.  The  slight  curvature  also  appears  to  be  evident  in  data  sets  26, 
27,  and  29.  The  recommended  values  for  temperatures  from  1700  K  to  the  melting 
point  are  based  on  numerical  extrapolation  of  the  values  for  1300  to  1700  K. 

At  1700  K  the  recommended  value  is  higher  by  M.1%  (or  ^9  x  10  8S1b)  than  the 
data  of  Baum  et  al.  [44,45]  (data  set  26,  27),  and  at  2100  K  it  is  higher  by 
M.2%  (or  ^12  x  10  8ftm).  Anderson  et  al.  [43]  (data  sets  82,  83)  reported 
sudden  increase  in  electrical  resistivity  values  at  M.900  K,  which  they  attributed 
to  the  evaporation  of  sample  material.  There  was  no  evidence  of  such  behavior 
from  the  data  of  Baum  et  al.  [44,45]  (data  sets  26,  27)  and  those  of  Levin  et  al. 
[46]  (data  set  29).  Neither  was  evident  from  the  data  of  Grube  and  Knabe  [48] 
(data  sets  6-8)  which  were  apparently  for  specimens  that  were  either  porous 
and/or  less  pure. 

There  are  only  three  data  sets  on  the  electrical  resistivity  of  chromium 
in  the  molten  state:  by  Baum  et  al.  [44,45]  (data  sets  26,  27)  and  by  Levin 
et  al.  [46]  (data  set  29).  As  it  is  mentioned  in  the  last  paragraph,  the  elec¬ 
trical  resistivity  values  of  these  data  for  lower  temperatures  appeared  to  be 
questionable.  The  recommended  value  for  the  electrical  resistivity  of  molten 
chromium  at  the  melting  point  was  obtained  by  multiplying  the  recommended  value 
for  solid  chromium  at  the  melting  point  by  the  ratio  of  the  electrical  resistivity 
values  (101.5  and  108.1  x  10  8ftm,  respectively,  for  the  solid  and  the  molten 
states)  reported  explicitly  in  the  text  by  Baum  et  al.  [45]  (data  set  27).  For 
temperatures  above  the  melting  point,  the  recommended  values  were  calculated 
according  to  a  linear  dependence  based  on  data  sets  26  and  29. 

The  recommended  values  both  uncorrected  and  corrected  for  thermal  expansion 
of  the  material  are  presented  in  table  1,  while  only  the  uncorrected  values  are 
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shown  in  figures  1  and  2  along  with  the  experimental  data.  The  values  are 
applicable  to  chromium  of  purity  99.98%  or  higher;  however,  those  values  for 
temperatures  below  100  K  are  applicable  only  to  chromium  having  a  residual 
resistivity  of  0.0306  x  10  8  ftm.  The  estimated  uncertainty  in  the  recommended 
values  is  about  ±5%  up  to  1300  K.  The  uncertainty  increases  with  temperature 
at  higher  temperatures  and  is  estimated  to  be  ±10%  immediately  below  the  melting 
point,  and  ±15%  for  the  molten  state. 

From  the  available  data,  it  appears  that  the  low-temperature  resistivity 
of  chromium  of  lower  purity  can  be  obtained  by  the  use  of  the  Mattheissen's 
rule  if  the  residual  resistivity  of  a  specimen  does  not  exceed  M).2  x  10“ 8  ftn. 
Thus,  using  the  recommended  values  and  the  Mattheissen’s  rule,  the  data  for 
the  specimen  CrB  of  Moore  et  al.  [10]  (data  set  47)  would  be  reproduced  to 
within  ^±5%.  For  the  data  of  Chiu  et  al.  [22]  (data  set  46),  it  was  v±10%. 
Generally,  this  method  underestimates  the  resistivity  values.  And  even  though 
the  derivation  from  Mattheissen's  rule  can  be  negative  for  some  dilute  chromium 
alloys,  it  is  not  likely  to  occur  for  chromium  of  reasonable  purity. 

The  recommended  values  uncorrected  for  thermal  expansion  given  in  table  1 
can  be  represented  approximately  by  the  following  expressions  to  within  ±0.5%. 


1-90  K: 

p  =  0.0306  +  5.756  x  10_7T3*23  (11) 

90-293  K: 

P  -  0.398  -  2.950  x  10'2T  +  5.112  x  10"“T2  -  9.218  x  10'7T3  (12) 

293-305  K: 

p  *  250.125  -  2.65115  T  +  9.68307  x  10~3T2  -  1.16108  x  10_5T3  (13) 

305-311  K: 

p  -  1.4614467  x  104  -  1.4360559  x  102T  +  4.7073008  x  10_1T2  - 

5.142874  x  10“4T3  (14) 

312-400  K: 

P  -  27.036  -  1.5301  x  10_1T  +  4.5057  x  10-4T2  -  3.4505  x  10_7T3  (15) 

400-1300  K: 


p  -  4.457  +  1.3084  x  10-2T  +  4.9046  x  10_5T2  -  3.0031  x  10-8T3  + 
8.653  x  10"12T4 


(16) 
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1300-2133  K: 

p  -  -49.515  +  1.11856  x  10"lT  -  2.3954  x  10“5T2+  3.4937  x  10"9T3  (17) 

2133-2300  K: 

p  -  14.54  +  0.050  T  (18) 

It  should  be  emphasized  that  these  expressions  do  not  necessarily  suggest 
any  theoretical  justification,  and  should  be  treated,  most  appropriately,  as 
numerical  aids  only.  It  should  also  be  understood  that  giving  these  expressions 
does  not  imply  a  recommendation  for  the  temperature  derivative  of  the  electrical 
resistivity. 


TABLE  1.  RECOMMENDED  VALUES  FOR  THE  ELECTRICAL  RESISTIVITY  OF  CHROMIUM3 
[Temperature,  T,  K;  Electrical  Resistivity,  p,  10  ®Qm] 


T 

P 

T 

P 

uncorrected 

corrected 

uncorrected 

corrected 

1 

0.0306 

0.0306 

316 

12.785 

12.786 

4 

0.0307 

0.0307 

320 

12.905 

12.907 

7 

0.0309 

0.0309 

350 

13.888 

13.891 

10 

0.0316 

0.0316 

400 

15.84 

15.86 

15 

0.0342 

0.0342 

500 

20.05 

20.08 

20 

0.0398 

0.0398 

600 

24.60 

24.66 

25 

0.0495 

0.0495 

700 

29.43 

?9.53 

30 

0.0646 

0.0645 

800 

34.48 

34.64 

35 

0.0865 

0.0864 

900 

39.75 

39.98 

40 

0.117 

0.117 

1000 

45.21 

45.52 

50 

0.207 

0.207 

1100 

50.89 

51.30 

60 

0.349 

0.349 

1200 

56.84 

57.37 

70 

0.555 

0.554 

1300 

63.09 

63.78 

80 

0.838 

0.837 

1400 

69‘72b 

70.56° 

90 

1.212 

1.21 

1500 

76.16 

7  .18b 

100 

1.64 

1.64 

1600 

82.44^ 

83.68b 

150 

4.36 

4.36 

1700 

83.58“ 

90.05 

200 

7.57 

7.57 

1800 

94.59° 

96.33° 

250 

10.57 

10.57 

1900 

100.5° 

102.5° 

273 

11.69 

11.69 

2000 

106.3 

108. 7b 

293 

12.45 

12.45 

2100 

112  ^b 

H4.8b 

300 

12.650 

12.650 

2133 

114.0  (s) 

116.8°(s) 

306 

12.760 

12.761 

2133 

uUWffi 

124.4{>(Jl) 

308 

12.779 

12.780 

2200 

124.8° 

127 *®k 

309 

12.779 

12.780 

2300 

129.8 

132.8° 

310 

12.769 

12.770 

311 

12.739 

12.740 

311.7 

12.670 

12.671 

312 

12.673 

12.674 

314 

12.728 

12.729 

3  The  values  are  for  chromium  of  purity  99.98%  or  higher,  but  those  below  100  K 
are  applicable  only  to  chromium  having  a  residual  resistivity  of  0.0306  x 
10  8ftm.  The  columns  headed  uncorrected  and  corrected  refer  to  values  un¬ 
corrected  and  corrected  for  thermal  expansion,  respectively.  Solid  line 
k  separating  tabular  values  indicates  solid  to  liquid  state  transformation. 
Provisional  value. 
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TABLE  2.  MEASUREMENT  INFORMATION  ON  THE  ELECTRICAL  RESISTIVITY  OF  CHROMIUM  Cr  (continued) 
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26 


-<  I  X 

4J  c  O 

83  01  U 

o  mi  a  < 

8  5?£i 

0)  O  < 

u  o  : 

c  c  *■»  «■ 

<8  «H  4 
•H  *3  ( 

(sue 

X  CO  3  ■ 

re  o  < 

*0  U  | 
C  00  I 

re  *  *■ 


a >  v  • 
£  tma 
re  o  ^ 

>  -H  B  N 

O  XT  « 

X  3  O 

«  E 

VM  0  4-1 
6  O  T3  « 
X  C  W- 
U  £  » 

k-  >, 

O  O  4J 

«  in  «  ^ 
-h  > 
l.  «  -»-t 

«  64  C  *J 
*-H  O  09 
•<4  m  -»4  <h 
E  n>  w  b 
N  «  4) 
WH  W  W 


O  •*  *J 

°.£  S 

O  £3 
•3 

••  C  U 
re  re  <y 

3-  CL 
3  -H  0.1 
CL  Z  0*1 


S  t  ° 

■p  2®  §  « 

e  g  *i  c 


■*■•>*  *3  6 

c  4J  e  oc 
e  b  c 
re  u  -h  - 

-H  3  *  (B  < 

•  a  CL  W  3  J 

-  ^  * 

.*  •5,©  e  •* 

L.  «pO  O  il 

re  —  •  -h 
cl  J=  o  a 
(»  re  c  a 

-  4i  re 

-  ^  3  Q.  L 

re  re  re  re  *r 
«  c  >  ( 

-  o  —•  < 

*3  *3  >s  « 

c  w  e  : 
0  *-*  -H  w-  ( 
e  c  >  re  » 
re  re  x  t 

-»-<  E  u  u  i 

■3  re  re 

l  u  •*  u  * 

•m  3  re  o  i 
>  o  re  3 
re  u 

ere  •v 

o  e  c  re  a 

i-t  1-1  4J 
,  4J  ••  U  t 

i  re  re  re  re 

C  41  l  w 
■H  3  O  U  h 
X  O'  L  O  "• 

SiH  L  U  J 

c  re  i 

ox:  re  i 

?  o  t>  re  •* 

re  re  re  3  * 

»  w  u  »h  ; 

>x  3-  re  : 

£3  00  O  >  t 

e  o.  i 
4J  *h  re  ••  s 

3  X  U  M 

ore  04 

•h  •  a 

•*>  ^  re  o 
00  o  n  0 
e  cl  re  re 

o  o  j:  mi 
h  m  a  3  i 
U  B  W 

i  S  8  2: 

h  w  re  i 
to  re  re  cl  i 


t?S~ 

r-sg 

it| 

1  =  OT  5 


cl  re  >“ i 

B  oo  i 

re  c 

H  re  o 


o  •  •  u. 

H 

«...  •-> 

e  *  * 
re  » 

•o  »  •  L- 

re  o  *  <*- 

2  3 


n  s  ^  g  . 

•  re  o  i)  l  x 

re  -h  l.  l.  «  « 


«w«m  l  h  h  re  »  re 
«*<««-  O  *■*  U3  T3  re  fl 

33  Is*  1« * 


Li  _  rn 

re  3  ^ 

at  55 

•  44  . 

*4  j.  *  re 

S 


r 
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108*  26  Muhela,  J.  and  1964  -  100-339  Cylindrical  specimen  1  mm  in  diam  and  50  cm  lonR;  measured  by  a  com- 

Miiller,  i.  pensation  method. 
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158  32  Ishlkawa,  Y.,  1975  299-320  99.997  pure;  iodide  chromium  from  A.D.  Mackay  Inc.;  single  crystal, 

Ikeda,  S . ,  and  0.7  ran  thick,  0.7  mm  wide  and  10  mm  long;  specimen  axis  along  [100] 

Aklba,  C.  direction;  resistivity  value  calculated  from  reported  resistance  values 

and  p(370  K),  taken  to  be  12.906  x  10  9  Urn. 
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TABLE  3.  EXPERIMENTAL  DATA  ON  THE  ELECTRICAL  RESISTIVITY  OF  CHROMIUM 


shown  In  figure 
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TABLE  3.  EXPERIMENTAL  DATA  ON  THE  ELECTRICAL  RESISTIVITY  OF  CHROMIUM  Cr  (continued) 


shown  In  figure. 
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TABLE  3.  EXPERIMENTAL  DATA  ON  THE  ELECTRICAL  RESISTIVITY  OF  CHROMIUM  Cr  (continued) 
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TABLE  3.  EXPERIMENTAL  DATA  ON  THE  ELECTRICAL  RESISTIVITY  OF  CHROMIUM  Cr  (continued) 
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3.2.  Cobalt 

There  are  55  sets  of  experimental  data  available  for  the  electrical  resistivity 
of  cobalt  with  purity  higher  than  99.9%.  The  information  on  specimen  characteriza¬ 
tion  and  measurement  condition  for  each  of  the  data  sets  is  given  in  table  5. 

The  data  sets  are  tabulated  in  table  6  and  shown  partially  in  figures  3  and  4. 

Since  cobalt  is  a  transition  element  and  is  ferromagnetic,  its  electrical 
resistivity  is  expected  to  resemble  those  of  nickel  and  iron.  As  it  can  be 
surmised  from  the  size  of  the  available  data,  the  electrical  resistivity  of 
cobalt  is  not  investigated  as  extensively  as  either  that  of  iron  or  of  nickel. 
Nonetheless,  some  features  of  the  behavior  of  the  electrical  resistivity  of 
iron  and  nickel  have  also  been  reported  for  cobalt,  such  as  the  T2  variation 
in  the  temperature  dependence  of  the  electrical  resistivity  at  low  temperatures. 

The  coefficient  of  this  T2  term  becomes  larger  when  measured  in  an  applied 
magnetic  field  than  when  measured  in  the  absence  of  an  applied  field  [75], 

Judging  from  the  impurity  analyses  reported  by  some  of  the  authors,  cobalt 
specimens  of  purity  higher  than  99.999%  are  available  commercially:  Laubitz  and 
Matsumura  [76]  (data  set  43),  White  and  Woods  [77,21]  (data  sets  27,  28,  39), 

Kierspe  et  al,  [78]  (data  set  16).  However,  there  are  wide  disagreement  between 
the  reported  residual  resistivity  ratios,  even  for  specimens  from  the  same 
manufacturer  and  having  nearly  the  same  impurities,  as  illustrated  by  the 
specimens  of  data  sets  27  and  39.  Since  cobalt  is  nearly  as  strongly  magnetic 
as  iron  (the  spontaneous  magnetization  of  20.8  kG  vs.  22  kG  for  iron),  effects 
due  to  magnetic  structure  of  specimens  and  due  to  the  measuring  current  densities, 
etc.  are  expected  to  be  significant.  Unfortunately,  there  is  very  scarce  infor¬ 
mation  on  these  effects  for  cobalt  specimens.  In  addition,  the  morphology  of 
cobalt  may  have  significant  influence  also.  Even  though  the  temperature  of  the 
a-8  phase  transformation  of  cobalt  is  greater  than  700  K,  this  cph-fcc  transfor¬ 
mation  is  very  sluggish,  and  the  high-temperature  fee  phase  has  been  reported 
to  persist  at  lower  temperatures  [79],  It  is  not  unlikely  for  a  specimen  to 
contain  a  mixture  of  these  two  phases,  depending  on  its  thermal  and  mechanical 
history  [76]. 

Amongst  the  available  data  for  high-purity  polycrystalline  cobalt  specimens, 
Laubitz  and  Matsumura  [76]  (data  set  43)  reported  the  highest  residual  resistance 
ratio  (P273  g/P4  1^0  ~  The  iropurity  analysis  reported  also  indicated 
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that  their  specimen  was  one  of  the  purest.  For  comparison,  the  residual 
resistance  ratio  of  a  whisker  specimen  by  Marker  et  al.  [75]  (data  set  19)  was 
reported  to  be  388.  There  are  available  only  a  few  data  sets  giving  the  elec¬ 
trical  resistivity  of  high-purity  cobalt  over  a  temperature  range  extending 
from  ^4  to  300  K:  White  and  Woods  [77]  (data  sets  27,  28),  and  Price  and 
Williams  [80]  (data  set  26).  Aside  from  these  data  sets.  White  and  Woods  [21] 
(data  set  39)  reported  data  from  126  to  273  K,  Semenenko  et  al.  [81]  (data 
set  3),  Olsen-Bar  [82]  (data  sets  4,  5),  and  Radhakrishna  and  Nielsen  [83] 

(data  set  9)  reported  data  for  low  temperatures  (<20  K)  only.  In  addition, 
Loegel  and  Gautier  [84]  (data  sets  47,  48)  reported  the  temperature  dependent 
part  of  the  resistivity  of  specimens  of  unspecified  purity  for  temperatures 
below  80  K.  Most  of  these  authors  reported  a  T2  dependence  for  the  temperature 
dependent  part  of  the  resistivity  for  temperatures  below  10  K.  The  coefficient 
of  this  T2  component  was  reported  to  be  1.6  x  10  n!li  K  2  by  White  and  Woods 
[77]  and  <1.0  x  10  “ftm  K  2  by  Radhakrishna  and  Nielsen  [83].  Loegel  and 
Gautier  [84]  reported,  together  with  a  T5  component,  a  coefficient  of  1.06  x 
10  J1fim  K  2  for  temperatures  up  to  30  K.  Semenenko  et  al.  [81]  reported  an 
additional  T  component  for  temperatures  1.4-4. 2  K;  however,  Radhakrishna  and 
Nielsen  [83]  concluded  from  their  data  that  the  T  component,  if  present  at  all, 
was  not  significant.  Marker  et  al.  [75]  also  reported  the  T2  dependence  for 
their  whisker  specimen  with  a  coefficient  of  1.5  x  10  11  fim  K  2  in  the  temper¬ 
ature  range  1.1-4. 2  K. 

The  present  analysis  of  the  electrical  resistivity  of  cobalt  at  low 
temperatures  follows  the  same  method  as  employed  In  the  analysis  of  that  of 
iron  and  nickel,  i.e.,  by  fitting  the  resistivity  data  to  the  expression 


P 


P0  +  <*T2 


9r/T 


s  x 
x5e 


(ex  -  1) : 


dx 


(8) 


However,  because  of  the  small  number  of  available  data  sets  and  because  of  the 
apparent  large  deviation  of  the  electrical  resistivity  of  cobalt  from  the 
Mattheissen' s  rule,  the  coefficients  a  and  A  cannot  be  determined  simultaneously 
with  small  uncertainties.  Therefore,  the  value  of  a  is  taken  to  be  1.00  x 
lO'^ftra  K_z ,  a  value  close  to  the  mean  of  the  coefficients  reported  by 
Radhakrishna  and  Nielsen  [83]  and  by  Loegel  and  Gautier  [84].  Using  a  Debye 


temperature  of  445  K  approximately  as  the  value  for  0^,  the  value  of  A  was 
determined  from  eq  (8)  with  the  data  of  White  and  Woods  [77]  (data  sets  27,  28). 

A  value  of  70  x  10  8ftm  K  2  was  obtained.  With  these  values  of  ct  and  A,  the 
resistivity  values  calculated  from  eq  (8)  agree  to  within  2%  with  the  experi¬ 
mental  data  for  temperatures  below  ^25  K.  For  higher  temperatures,  the  calcu¬ 
lated  values  do  not  agree  well  with  the  experimental  data,  and  therefore  in  the 
temperature  range  ^35  to  90  K,  the  recommended  values  were  obtained  by  inter¬ 
polating  the  low-temperature  values  calculated  from  eq  (8)  and  the  data  of 
Laubitz  and  Matsumura  [76]  (data  set  43). 

Two  data  sets  are  available  covering  a  very  wide  temperature  range  (^80- 
1700  K) :  by  Laubitz  and  Matsumura  [76]  (data  set  43)  and  by  Kierspe  et  al. 

[78]  (data  set  16).  Except  for  temperatures  below  "V200  K,  where  the  latter 
data  set  appears  to  be  in  error,  the  agreement  between  these  two  data  sets  is 
within  ^±3%.  The  recommended  values  from  90  to  1700  K  are  therefore  based  on 
these,  with  more  weight  given  to  that  of  Laubitz  and  Matsumura,  especially  for 
temperatures  below  250  K.  In  this  temperature  range,  cobalt  undergoes  two 
transitions:  one  polymorphic  at  ^715  K,  from  cph(a)  to  fcc(8),  and  one 
ferromagnetic-paramagnetic  at  ^1395  K.  The  polymorphic  transformation  is 
martensitic  and  is  very  sluggish,  due  to  the  small  associated  free  energy 
change.  Thus  the  temperature  range  in  which  this  transformation  occurs  has 
been  reported  to  vary  from  about  660  K  [85]  (data  set  14)  to  about  740  K  [86] 
(data  set  1),  and  thermal  hysteresis  is  generally  reported.  The  careful  study 
of  Laubitz  and  Matsumura  [76]  on  a  specimen  which  had  been  x-ray  analyzed  to 
contain  no  detectable  fee  phase  at  room  temperature  showed  that  the  range  of 
transformation  was  about  703-710  K  upon  heating  and  about  686-693  K  upon  cooling 
(data  sets  44,  45).  The  resistivity  of  the  6  phase  is  generally  reported  to 
be  lower  than  that  of  the  a  phase.  Kierspe  et  al.  [78]  did  not  report  details 
of  the  transformation,  even  though  their  data  appeared  to  have  a  strange  behavior 
at  the  transformation,  which  occurred  at  ^720  ±  5.0  K.  These  authors  reported  a 
temperature  coefficient  that  shows  a  decrease  (^30%)  at  the  transition,  instead 
of  the  usual  positive-negative-positive  change  in  the  temperature  coefficient 
indicated  by  a  number  of  the  other  works  (see,  e.g.,  Laubitz  and  Matsumura  [76] 
(data  sets  44,  45),  Powell  [85]  (data  sets  11-14),  and  Fraser  et  al.  [86]  (data 
sets  1,  2)).  A  possible  reason  for  the  behavior  of  the  data  of  Kierspe  et  al. 
was  that  their  specimen  might  have  been  heated  or  cooled  at  too  fast  a  rate. 


The  a-0  phase  transition  temperature  of  715  K  Indicated  in  figures  3  and  4  is 
based  actually  on  specific  heat  measurements.  At  temperatures  above  the  a-0 
transition,  the  temperature  coefficient  reported  by  Kierspe  et  al.  [78]  showed 
a  gradual  rise  to  a  flat  maximum  at  M.150  K,  and  decreased  gradually  again. 

It  became  almost  constant  at  temperatures  above  M.500  K.  There  was  no  sharp 
6-function  like  maximum  as  in  the  cases  of  nickel  and  iron  at  the  Curie  tem¬ 
perature.  This  behavior  of  their  data  is  consistent  with  the  data  of  Laubitz 
and  Matsumura  [76]  (data  set  43),  which  appeared  to  have  a  change  of  slope  at 
'V1250  K.  At  temperatures  above  the  Curie  temperature,  the  data  of  Seydel  and 
Fucke  [87]  (data  set  42)  are  in  good  agreement  with  those  of  Laubitz  and 
Matsumura  [76]  and  of  Kierspe  [78]  and  are  also  taken  into  account. 

There  are  eight  data  sets  for  the  electrical  resistivity  of  molten  cobalt 
[87-94]  (data  sets  7,  18,  40-42,  50-52).  Of  these,  the  data  of  Giintherodt  et 
al.  [92]  (data  set  41)  and  of  Seydel  and  Fucke  [87]  (data  set  42)  agree  to  within 
±1%.  In  addition,  their  data  for  the  solid  phase  at  the  melting  point  agree 
to  within  ±1.5%  of  the  recommended  value.  The  recommended  values  for  the  molten 
state  are  therefore  based  on  their  data.  The  linear  temperature  dependence 
of  the  electrical  resistivity  of  molten  cobalt  was  reported  also  by  Ono  and 
Yagi  [89]  (data  set  18),  and  by  Kita  et  al.  [93]  (data  sets  50,51). 

The  recommended  values  both  uncorrected  and  corrected  for  thermal  expansion 
of  the  material  are  presented  in  table  4,  while  only  the  uncorrected  values 
(except  those  for  the  liquid  state)  are  shown  in  figures  3  and  4  along  with 
the  experimental  data.  The  values  are  for  polycrystalline  cobalt  of  purity 
99.99%  or  higher;  however,  those  values  for  temperatures  below  200  K  are  appli¬ 
cable  only  to  cobalt  having  a  residual  resistivity  of  0.0370  x  10-8  ftm.  The 
estimated  uncertainty  in  the  recommended  values  is  about  ±5%  for  the  solid 
state  and  ±7%  for  the  molten  state. 

As  mentioned  earlier,  the  electrical  resistivity  of  cobalt  appears  to 
deviate  from  the  Matthiessen' s  rule  fairly  large.  For  specimens  with  somewhat 
higher  residual  resistivities,  the  application  of  Matthiessen' s  rule  is  likely 
to  underestimate  the  electrical  resistivity  by  up  to  a  few  percent.  For  example, 
for  the  specimens  of  White  and  Woods  [77]  (data  sets  27,28)  which  have  residual 
resistivities  of  about  0.09  x  10~8  ftm,  Matthiessen's  rule  appears  to  be  appli¬ 
cable  for  temperatures  below  M.5  K  with  resulting  error  less  than  -1%,  but  the 
error  increases  with  temperature  to  -2%  at  ^20  K,  -5%  at  V}5%,  and  -6%  at  200  K 
and  higher.  For  the  specimen  of  Price  and  Williams  [80]  (data  set  26)  which  has 
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a  residual  resistivity  of  ^0.13  x  10  80m,  the  errors  are  approximately  +2% 
at  ^20  K,  -62  from  ^35  to  60  K,  -5%  at  100  K,  and  -4%  from  200  to  300  K.  Un¬ 
fortunately,  there  are  no  available  data  sets  for  specimens  of  higher  residual 
resistivity  covering  more  or  less  continuously  from  low  to  room  temperatures, 
so  that  a  more  extensive  comparison  could  be  made.  The  earlier  measurement  by 
McLennon  et  al.  [50]  (data  set  30)  on  a  specimen  of  residual  resistivity  0.45  x 
10  8  f2m  indicates  that  the  use  of  Mattheissen' s  rule  yields  an  error  of  only 
-1%  at  20.6  K,  but  the  error  jumps  to  -20%  at  83  K  and  reduces  to  'v-lOX  at  293  K. 
The  more  recent  measurement  by  Wilkes  [95]  (data  set  46),  whose  specimen  has  a 
residual  resistivity  of  ^0.17  x  10  8 Qm,  shows  that  the  errors  are  -1%  at  ^77  K, 
+1%  at  ^200  K,  and  +1%  at  ^300  K.  It  is  interesting  to  note  that  the  total 
impurity  content  of  this  specimen,  ^0.08%,  is  more  than  ten  times  higher  than 
that  of  the  specimen  of  White  and  Woods  [77]  (data  sets  27,  28).  However,  it 
has  been  determined  by  Laubitz  and  Matsumura  [76]  that  the  specimen  of  Wilkes 
contains  approximately  33%  of  the  fee  phase  at  room  temperature.  It  is  evident 
that  the  phase  constitution  of  a  specimen  has  significant  influence  on  the 
resistivity  of  cobalt,  especially  below  the  a-8  transition.  The  presence  of 
the  fee  phase  below  7C0  K  is  likely  to  lower  the  resistivity.  On  the  other 
hand,  the  low-temperature  eph  phase  is  not  likely  to  be  stable  at  temperatures 
much  higher  than  700  K  so  that  the  higher  temperature  resistivity  of  cobalt  of 
reasonable  purity  should  not  deviate  by  more  than  two  or  three  percent  from 
the  recommended  values. 


The  recommended  values  uncorrected  for  thermal  expansion  given  in  table  4 
can  be  represented  approximately  by  the  following  expressions  to  within  ±0.5%. 


1-35  K: 

P  *= 


0.0370  +  1.00  x  10  ST2 


+  70 


•  T  pr445/T 

“5j  j0 


X 

1) 


2 


dx 


(19) 


35-90  K: 

p  -  8.20  x  10"2  -  5.261  x  10_3T  +  1.477  x  10_I,T2  -  8.559  x  10~8T3  (20) 

90-700  K: 

p  -  -9.98  x  10_1  +  1.865  x  10~2T  +  4.237  x  10_8T2  +  3.777  x  10~®T3  (21) 

715-1250  K: 


p  -  31.71  -  1.0987  x  10_1T  +  1.7872  x  lO^T2  -  5.098  x  10_8T3 


(22) 


I 
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1250-1400  K: 

p  -  -117.61  +  1.8101  x  10-1T  +  2.042  x  10“eT2  -  1.773  x  10~8T3  (23) 

1400-1767  K: 

p  -  -342.15  +  7.2544  x  10_1T  -  4.1393  x  lO-1*!2  +  8.201  x  10_eT3  (24) 

1767-3000  K: 

p  «  94.80  +  1.128  x  10-2T  (25) 

It  should  be  stressed  that  these  expressions  do  not  necessarily  suggest 
any  theoretical  justification,  and  should  be  treated,  most  appropriately,  as 
numerical  aids  only.  It  should  also  be  understood  that  giving  these  expressions 
does  not  imply  a  recommendation  for  the  temperature  derivative  of  the  electrical 
resistivity. 
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TABLE  4.  RECOMMENDED  VALUES  FOR  THE  ELECTRICAL  RESISTIVITY  OF  COBALT3 
[Temperature,  T,  K;  Electrical  Resistivity,  p,  10~8  ftm] 


T 

t-J  =--l  t  -  --  .  cr-^rc  j'l  ■■ 

P 

T 

P 

uncorrected 

corrected 

uncorrected 

corrected 

1 

0.0370 

0.0370 

1100 

59.26 

60.05 

4 

0.0372 

0.0372 

1200 

69.14 

70.18 

7 

0.0375 

0.0374 

1300 

78.79 

80.11 

10 

0.0381 

0.0380 

1400 

87.20 

88.83 

15 

0.0396 

0.0395 

1500 

91.46 

93.34 

20 

0.0426 

0.0425 

1600 

94.81 

96.94 

25 

0.0481 

0.0480 

1700 

97.76 

100.15 

30 

0.0581 

0.0580 

1767 

99.75(8) 

102.32(6) 

40 

0.102 

0.102 

1767 

”  114.7b(£) 

50 

0.178 

0.178 

1800 

115. lb 

60 

0.280 

0.279 

1900 

116. 2? 

70 

0.408 

0.407 

2000 

117. 4b 

80 

0.563 

0.562 

2100 

118.5? 

90 

0.742 

0.740 

2200 

119.6? 

100 

0.947 

0.945 

2300 

120. 7b 

150 

2.02 

2.02 

2400 

121.9? 

200 

3.20 

3.20 

2500 

123 .or 

250 

4.52 

4.52 

2600 

124. l£ 

273 

5.18 

5.18 

2700 

125.2? 

293 

5.78 

5.78 

2800 

126.4° 

300 

6.00 

6.00 

2900 

127 -5b 

350 

7.67 

7.67 

3000 

128.6 

400 

9.56 

9.57 

500 

14.11 

14.15 

600 

19.88 

19.97 

700 

27.09(a) 

27.25(a) 

715 

25.89(8) 

26.07(8) 

800 

32.09 

32.36 

900 

40.43 

40.83 

1000 

49.58 

50.15 

a  The  values  are  for  polycrystalline  cobalt  of  purity  99.99%  or  higher,  but 
those  below  200  K  are  applicable  only  to  cobalt  having  a  residual  resistivity 
of  0.0370  x  10  8  fim.  The  columns  headed  uncorrected  and  corrected  refer  to 
values  uncorrected  and  corrected  for  thermal  expansion,  respectively.  Solid 
line  separating  tabular  values  indicates  solid  to  liquid  state  transformation, 
while  dotted  line  indicates  solid  phase  transition, 
k  a:  cph;  8:  fee. 

Provisional  value. 
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Radhakrlshna,  P.  and  1965  D  1. 3-6.4  Pure;  polycrystalline  wire  from  Johnson  Matthey  Co.;  1  mm  in  dlam  and 

Nielsen,  M.  ^6.6  cm  long;  annealed  at  1313  K  for  3  h  at  a  pressure  less  than 

4  x  10  5  PA;  samples  were  demagnetized  and  the  earth's  field  were 
_ _  compensated;  data  extracted  from  figure. 
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TABLE  5.  MEASUREMENT  INFORMATION  ON  THE  ELECTRICAL  RESISTIVITY  OF  COBALT  Co  (continued) 
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102  Meissner,  W.  1928  1.4-273  CoI(27)  Speclnen  annealed  for  2.5  h  at  600  K;  50  saa  In  length  and  2.5  x  0.5  1 

cross  section;  resistance  ratio  reported;  reference  value  of  p(273)  1 
5.57  u0  cm,  taken  from  Bridgman,  P.W.,  Proc.  Am.  Acad.  Arts  Scl.,  79 
149,  1940,  used  to  calculate  resistivity  from  resistance  ratio. 


TABLE  5.  MEASUREMENT  INFORMATION  ON  THE  ELECTRICAL  RESISTIVITY  OF  COBALT  Co  (continued) 


Levin,  E.S.,  1972  F  1923  99.98  pure;  electrolytic. 

Ayushlna,  C.D.,  and 
Gel'd,  P.V. 


shown  In  figure 
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TABLE  6.  EXPERIMENTAL  DATA  ON  THE  ELECTRICAL  RESISTIVITY  OF  COBALT  Co  (continued) 
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shewn  In  figure 


3.3.  Iron 


The  electrical  resistivity  of  iron  has  been  studied  extensively.  There 
are  223  sets  of  experimental  data  available  for  iron  specimens  of  purity  99.8% 
or  higher.  The  information  on  specimen  characterization  and  measurement  con¬ 
dition  for  each  of  the  data  sets  is  given  in  table  8.  The  data  are  tabulated 
in  table  9  and  shown  partially  in  figures  5  and  6. 

Because  of  magnetic  effects,  the  residual  resistivity  of  iron  has  been 
studied  with  Intense  interest.  Berger  and  De  Vroomen  [111]  suggested  that  the 
residual  resistivity  measured  in  the  absence  of  an  applied  magnetic  field  is 
not  an  indication  of  the  purity  of  an  iron  specimen.  Fujii  and  Morimoto  [112] 
suggested  that  the  magnetic  contribution  to  the  residual  resistivity  is  M).02  x 
10-8  ftm;  a  value  also  agreed  upon  by  Volkenshteyn  and  Yakina  [113].  Thus,  even 
for  zone-refined  iron,  the  residual  resistance  ratio,  RRR,  has  low  values  of 
5400  as  compared  with  values  of  a  few  thousand  or  even  higher  for  other  pure 
metals.  The  more  recent  results  of  Takaki  and  Igaki  [114]  seem  to  indicate 
that  even  for  iron  that  has  been  highly  purified  by  anion  exchange  separation, 
floating-zone  melting  and  hydrogen  treatment,  the  residual  resistance  ratio 
has  a  limiting  value  of  about  500.  It  is  worth  noting,  however,  that  the  quan¬ 
tity  RRRjj,  the  residual  resistance  ratio  obtained  as  the  minimum  value  from 
resistivity  measurement  as  a  function  of  an  applied  longitudinal  magnetic  field, 
of  some  of  their  specimens  are  greater  than  2000.  The  same  group  of  authors 

[115]  later  reported  RRRjj  values  of  over  10,000  on  specimens  that  had  been 
electrolytically  polished  to  remove  silicon  contamination  on  the  surface  layer 
(of  thickness  M.00  ym) .  The  resistivity  of  iron  is  also  dependent  on  the  den¬ 
sity  of  the  measuring  current  [114],  The  results  of  Takaki  and  Igaki  [114] 

on  specimens  of  various  purity  showed  that  the  current  density  dependence  is 
negligible  for  specimens  having  RRR  (or  RRRH)  values  of  <100.  For  RRR  values 
higher  than  200,  or  RRR^  values  of  21000,  the  resistivity  may  still  be  increas¬ 
ing  with  measuring  current  at  current  density  values  of  >6  x  106  A  m~2.  The 
limiting  RRR  value  of  500  quoted  above  was  for  a  measuring  current  density  of 
Vi  x  105  Am2  [114].  This  result  appears  to  agree  with  that  of  Glaeser  et  al. 

[116] ,  even  though  the  magnetic  field  and  current  density  dependences  reported 
by  these  two  works  show  some  discrepancies.  The  recommended  value  for  the 
electrical  resistivity  of  iron  at  the  temperature  of  1  K  is  based  on  these 


references  and  subject  to  the  condition  that  the  measuring  current  is  <1  x 
106  Am-2  in  the  absence  of  an  applied  magnetic  field.  It  should  represent 
the  value  for  the  electrical  resistivity  of  iron  purified  by  modern  electron- 
beam  zone-refining  techniques. 

The  electrical  resistivity  of  iron  is  dependent  on  other  factors.  The 
most  notable  factors  are  the  external  magnetic  field  and  the  magnetic  domain 
structure  of  the  specimen  itself.  The  effects  of  the  former  have  been  investi¬ 
gated  mostly  at  4  K  [112,116-120],  and  those  of  the  latter  have  been  investi¬ 
gated  chiefly  for  single  crystal  whisker  specimens  [121-125],  These  effects, 
together  with  the  effect  of  the  measuring  current,  are  inter-related  and  are 
not  fully  investigated.  A  resolution  of  these  effects  is  clearly  beyond  the 
scope  of  this  work.  Hence,  only  the  conditions  "in  the  absence  of  an  external 
applied  magnetic  field"  and  "with  a  measuring  current  of  <1  x  106  A  m-2"  are 
specified.  The  latter  condition  is  chosen  such  that  the  (transverse)  magneto¬ 
resistance  due  to  the  self-induction  of  the  measuring  current  would  not  adversely 
affect  the  resistivity  value. 

The  electrical  resistivity  of  iron  at  low  temperatures  has  been  reported 
to  contain  a  T2  component;  see,  for  example.  White  and  Woods  [21],  Volkenshtein 
and  Yakina  [113],  Semenenko  and  Sudovtsov  [126],  Fert  and  Campbell  [127],  Price 
and  Williams  [80],  and  Janos  et  al.  [128].  However,  Kondorskii  et  al.  [129] 
reported  T1,5  and  T5  components.  More  recently,  Isshiki  and  Igaki  [115]  re¬ 
ported  that  the  temperature  dependent  part  of  the  resistivity,  when  measured 
in  a  longitudinal  magnetic  field  of  60  K  A  m-1,  can  be  fitted  to  a  T2  term 
and  a  Bloch-Griineisen  term  with  0R  =  467  K  for  temperatures  1  to  250  K. 

A  similar  analysis  [115]  on  the  data  of  Kemp  et  al.  [130]  (data  set  31), 

Kemp  et  al.  [131]  (data  set  11),  White  and  Woods  [21]  (data  set  86),  Fert  and 
Campbell  [127]  (data  set  119),  Schwerer  et  al.  [132]  (data  set  107),  Volkenshtein 
and  Yakina  [113]  (data  set  209),  and  of  Hust  and  Giarratano  [133]  (data  set  47) 
indicates  that,  even  without  an  applied  longitudinal  magnetic  field,  the  elec¬ 
trical  resistivity  of  iron  can  be  represented  by  eq  (8)  for  temperatures  up 
to  about  100  K.  The  values  of  A  and  0£  in  the  Bloch-Gruneisen  term  were  taken 
to  be  58.1  x  10-9  ftm  and  467  K  [115],  respectively.  The  coefficient  of  the 
quadratic  term  varies  approximately  from  1.1  to  3.4  x  10-13ftm  K-2.  There 
seems  to  be  some  correlation  between  the  values  of  the  coefficient  and  the 
residual  resistivities,  i.e.,  a  specimen  with  a  low  residual  resistivity  seems 
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to  have  a  low  coefficient  (data  sets  11,  86,  209)  and  vice  versa  (data  sets 
31,  47).  However,  with  only  a  few  data  sets  available,  a  definite  relation¬ 
ship  between  the  residual  resistivity  and  the  coefficient  in  the  quadratic 
term  cannot  be  established.  Furthermore,  the  reported  T2  dependence  of  the 
electrical  resistivity  extends  probably  to  temperatures  below  1  K  [126],  whereas 
most  of  the  authors  report  data  to  2  K  or  higher.  One  way  of  circumventing 
this  problem  is  to  assume  that  the  resistivity  can  be  fitted  to  a  residual 
term  plus  a  quadratic  term  below  20  K  (the  T5  or  the  Bloch-Griineisen  term  is 
negligible  compared  with  the  other  two  terms  at  these  temperatures) ,  and  the 
residual  term,  taken  to  be  the  value  at  1  K,  is  obtained  by  extrapolation. 

The  recommended  values  for  the  electrical  resistivity  of  iron  below  100  K  are 
obtained  by  this  procedure.  The  values  of  the  quantities  A  and  0  are  taken 
to  be  the  same  as  those  given  by  Isshiki  and  Igaki  [115],  i.e.,  58.1  x  10”8  ftm 
and  467  K,  respectively.  The  value  of  the  coefficient  of  the  T2  term  is  1.3  x 
10”13f)m  K”2.  This  was  obtained  both  by  a  graphical  method  where  the  logarithm 
of  the  quantity 
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is  plotted  against  log  T,  and  also  by  numerically  fitting  the  same  quantity 
to  a  quadratic  function  in  temperature.  This  value  is  in  agreement  with  that 
suggested  by  White  and  Woods  [21],  but  is  somewhat  below  the  value  of  2.2  x 
10-13ftm  K”2  given  by  Isshiki  and  Igaki  [115]  for  their  highly  purified  speci¬ 
mens  measured  in  an  applied  magnetic  field  of  60  KAm-1. 

At  temperatures  above  M.00  K,  there  is  a  slight  change  in  the  temperature 
dependence  of  the  electrical  resistivity.  A  log-log  plot  of  the  quantity 
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against  T  for  the  data  of  White  and  Woods  [21]  (data  set  86),  Richter  and  Kohlhaas 
[134]  (data  set  43),  Moore  et  al.  [135]  (data  set  17),  Fulkerson  et  al.  [136] 

(data  set  16),  Hust  and  Giarratano  [133]  (data  set  47),  Kohlhaas  and  Richter 
[137]  (data  set  34),  and  of  Dewar  and  Fleming  [138]  (data  set  53)  shows  a  de¬ 
crease  from  the  T2  line  starting  at  ^100  K.  This  departure  from  the  T2  line 
is  at  a  maximum  of  about  0.05  x  10”®  fim  at  M.40  K.  At  higher  temperature. 
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the  temperature  dependence  becomes  stronger,  with  a  temperature  dependence 
that  approaches  a  T3  function.  It  is  interesting  to  note  that  the  same  plot 
on  the  data  of  Kemp  et  al.  [130]  (data  set  31)  shows  a  slight  increase  at  M.00  K. 
It  is  not  obvious  whether  this  behavior  is  purely  a  magnetic  effect  or  an  impur¬ 
ity  effect.  The  specimens  of  Isshiki  and  Igaki  [115]  (data  sets  219-223)  are 
supposed  to  be  purged  of  metallic  impurities  and  to  contain  approximately 
0.001  at.%  C,  0.0007  at.%  0,  and  <0.0001  at.%  N,  whereas  the  specimen  of  White 
and  Woods  [21]  (data  set  86)  contains  about  0.03%  of  mostly  metallic  impurities. 
The  electrolytic  iron  specimen  of  Hust  and  Giarratano  [133]  (data  set  47)  con¬ 
tains  about  0.1%  also  of  mostly  metallic  impurities.  The  specimen  of  Moore 
et  al.  [139]  (data  set  15)  contains  <0.01%  Ni,  s0.01%  Si,  and  lesser  amounts 
of  other  impurities,  and  the  specimen  of  Fulkerson  et  al.  [136]  (data  set  16) 
contains  <0.02%  Si,  0.014%  C,  <0.01%  Ni,  and  lesser  amounts  of  other  impuri¬ 
ties.  On  the  other  hand,  the  magnetoresistance  of  iron  is  positive  at  room 
temperatures  (see,  for  example,  Kornetzki  [140],  Schindler  and  La  Roy  [118]), 
and  negative  at  helium  temperatures  (see,  for  example,  Fujii  and  Morimoto  [112], 
Glaeser  et  al.  [116],  and  Arajs  et  al.  [119]).  From  the  only  available  data 
by  Shirakawa  [141]  and  by  Matuyama  [142]  on  electrolytic  iron  at  intermediate 
temperatures,  the  magnetoresistance  of  iron  changes  sign  at  ^77  K.  For  the 
lack  of  definite  conclusion,  this  behavior  is  ignored  at  the  present,  and  the 
resistivity  value  is  assumed  to  follow  the  relation 
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up  to  200  K.  This  assumption  may  result  in  a  maximum  probable  error  of  only 
-1%  or  -0.03  x  10-8  Qm  at  M.50  K. 


At  temperatures  above  150  K,  and  up  to  the  Curie  temperature,  there  are 
a  number  of  data  sets  that  agree  with  each  other  to  within  ±2%:  Moore  et  al. 
[139]  (data  set  15),  Fulkerson  et  al.  [136]  (data  set  16),  Wallace  et  al.  [143] 
(data  set  21),  Pallister  [144]  (data  set  22),  Jaeger  et  al.  [145]  (data  set 
24),  Kohlhaas  et  al.  [137]  (data  set  33),  Kierspe  et  al.  [78]  (data  set  39) , 
Richter  and  Kohlhaas  [134]  (data  set  43),  Powell  et  al.  [146]  (data  set  77), 
and  Lauchbury  and  Saunders  [147]  (data  set  217).  Among  these  sources,  Fulkerson 
et  al.  [136]  (data  set  16)  reported  also  the  resistivity  at  4  K,  and  Moore 
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et  al.  [135]  (data  set  17)  reported  the  residual  resistivity  ratio.  Greater 
weight  is  given  to  the  data  of  Moore  et  al.  Most  of  these  data  sets  appear 
to  have  resistivity  values  slightly  higher  than  9  x  10-8  flm  at  273  K,  except 
for  data  sets  17  and  22.  Judging  from  the  ice  point  resistivity  values  and 
from  the  temperature  variation  of  the  solute  resistivities  of  various  elements 
in  iron  (see,  for  example,  Schwerer  and  Cuddy  [148]),  it  appears  that  the  spec¬ 
imen  of  Moore  et  al.  [135]  (data  set  17)  is  the  purest  among  these  groups, 
and  its  resistivity  values  at  90  K  are  within  2%  of  the  recommended  values 
based  on  the  analysis  of  the  available  low  temperature  data  described  earlier. 
The  recommended  values  within  the  range  of  ±100  K  of  the  ice  point  are,  there¬ 
fore,  based  on  data  set  17,  and  in  the  higher  temperature  range  up  to  900  K 
they  are  based  on  the  data  sets  mentioned  above.  Both  graphical  and  numerical 
methods  in  curve  fitting  are  employed.  It  is  found  that  the  electrical  resis¬ 
tivity  of  iron  can  be  represented  by  a  cubic  polynomial  at  temperatures  from 
about  200  to  900  K. 

For  temperatures  higher  than  900  K  and  up  to  the  Curie  temperature,  the 
electrical  resistivity  of  iron  increases  more  rapidly  with  temperature.  Even 
though  there  are  detailed  accounts  on  the  temperature  derivative  of  the  resis¬ 
tivity,  the  agreement  between  them  is  not  good  (see,  for  example,  Lauchbury 
and  Saunders  [147]  and  Seehra  et  al.  [149],  the  values  of  dp/dT  from  these 
two  accounts  differ  by  M0 %  at  1030  K).  The  value  of  the  Curie  temperature 
has  been  reported  to  be  1040.3  ±  1  K  (Seehra  et  al.  [149]),  1038-1043  K 
(Fulkerson  et  al.  [136]),  1051-1055  K  (Morris  [150]),  1044  ±  2  K  (Arajs  and 
Colvin  [151]),  1037  K  (Richter  and  Kohlhaas  [134]),  1027  K  (Kohlhaas  and 
Richter  [137]),  1042.7  K  (Lauchbury  and  Saunders  [147]),  and  1036  K  (Wallace 
et  al.  [143]).  The  last  authors  also  reported  a  Curie  temperature  of  1042  K 
from  their  specific  heat  measurements.  In  view  of  the  wide  spread  of  the  re¬ 
ported  values,  a  Curie  temperature  of  1043  K  is  adopted  from  the  AIP  Handbook 
[152].  The  recommended  values  below  this  temperature  are  based  on  the  data 
of  Lauchbury  and  Saunders  [147]  (data  set  217),  with  slight  adjustments  so 
that  they  would  merge  smoothly  with  the  recommended  values  at  lower  tempera¬ 
tures.  The  recommended  value  at  the  Curie  temperature,  101.1  x  10~8  fim,  is 
within  0.3%  of  the  values  given  by  Lauchbury  and  Saunders  [147]. 


At  temperatures  above  the  Curie  point,  the  differences  between  reported 
resistivity  values  from  the  above  references  become  greater,  even  though  they 
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are  generally  still  within  2%  of  each  other.  The  recommended  values  from  the 
Curie  temperature  to  the  a-y  transition  are  based  mainly  on  the  results  of 
Fulkerson  et  al.  [136]  (data  set  16),  Wallace  et  al.  [143]  (data  set  21),  and 
also  of  Powell  et  al.  [146]  (data  sets  75-77).  There  are  other  detailed  accounts 
on  the  resistivity  at  temperatures  close  to  the  a-y  transition:  Kohlhaas  and 
Richter  [137]  (data  sets  37-38),  Arajs  and  Colvin  [151]  (data  sets  57-58),  and 
Bullock  [153]  (data  sets  98-99).  However,  there  are  wide  discrepancies  among 
these  data  sets.  The  data  of  Bullock  and  of  Kohlhaas  and  Richter  are  too  high 
and  too  low,  respectively.  The  specimen  of  Arajs  and  Colvin  showed  some  unex¬ 
plained  behavior,  its  residual  resistivity  ratio  changed  by  +13%  after  the 
high  temperature  measurement,  and  the  resistivity  value  at  room  temperature  ap¬ 
peared  to  be  too  high  for  a  zone-refined  specimen.  The  onset  of  the  a-y  tran¬ 
sition,  Ac3  point,  has  been  reported  at  1188-1189  K  (Moore  et  al.  [139]),  1189  K 
(Kohlhaas  and  Richter  [137]),  1189.7  K  (Richter  and  Kohlhaas  [134]),  and  has 
been  inferred  from  graphical  illustrations  at  about  1182  K  (Powell  et  al.  [146] 
data  set  75),  1183  K  (Arajs  and  Colvin  [151]  data  set  57),  1187  K  (Kohlhaas  and 
Richter  [137]  data  set  37),  and  1186  K  (Bullock  [153]  data  set  98).  Because 
of  the  lack  of  general  agreement,  the  transition  temperature  is  taken  to  be 
1185  K,  d  value  deduced  from  thermal  expansion  data  [42]. 

As  mentioned  earlier,  there  are  detailed  reports  on  the  behavior  of  the 
electrical  resistivity  at  the  a-y  transition.  Not  surprisingly,  all  these 
reports  show  that  the  transition  occurs  over  a  finite  temperature  range:  K 

according  to  Powell  et  al.  [146],  Arajs  and  Colvin  [151],  and  Bullock  [153], 
and  K  according  to  Kohlhaas  and  Richter  [137].  All  reported  a  hysteresis 
effect:  in  the  transition  region,  the  resistivity  values  measured  at  decreas¬ 
ing  temperatures  were  lower  than  those  measured  at  increasing  temperatures. 

The  temperature  for  the  onset  of  the  y-a  transition  upon  cooling,  the  Ar3  point, 
is  also  reported  to  be  somewhat  lower  than  the  Ac3  point.  The  latter  three 
groups  of  authors  also  reported  that  the  resistivity  of  a-iron  at  temperatures 
about  one  degree  below  the  Ar3  point  after  being  cooled  from  the  y  phase  is 
higher  than  that  of  the  a-iron  after  being  heated  from  lower  temperatures. 

In  view  of  these  and  of  the  lack  of  such  evidence  from  the  data  of  Powell  et 
al.  [24]  (data  sets  75-77),  this  behavior  is  ignored  at  the  present  time.  It 
is  probable  that  such  behavior  is  dependent  upon  specimen  purity  and  its  thermal 
history  and  mechanical  history  as  well.  Even  though  recommended  values  are 
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given  at  a  single  transition  temperature  (for  both  the  a  and  the  y  phases) , 
the  transition  for  a  given  specimen  may  be  expected  to  occur  over  a  small  tem¬ 
perature  range  of  approximately  1180-1190  K.  Its  resistivity  below  1185  K  may 
be  somewhat  (<0.5  x  10-8  fim)  lower  than  the  recommended  value  and  vice  versa 
above  1185  K. 

There  are  relatively  fewer  data  sets  available  for  temperatures  above  the 
a-y  transition.  The  data  sets  which  are  considered  reliable  and  from  which 
the  recommended  values  are  derived  are  generally  for  temperatures  less  than 
^1300  K.  For  higher  temperatures,  close  to  the  y-6  transition,  the  data  of 
Cezairliyan  and  McClure  [154]  (data  sets  62-63)  appear  to  merge  well  with  ex¬ 
trapolations  of  the  data  of  Fulkerson  et  al.  [136]  (data  set  16)  and  of  Wallace 
et  al.  [143]  (data  set  21).  The  recommended  values  from  the  a-y  transition 
to  the  y-6  transition  are  based  on  these  data  sets.  At  temperatures  immediately 
above  the  a-y  transition,  the  data  of  Powell  et  al.  [146]  (data  sets  75-76) 
are  also  taken  into  account. 

There  are  only  a  few  data  sets  for  the  electrical  resistivity  of  6-iron. 

The  recommended  values  are  based  on  the  results  of  Cezairliyan  and  McClure 

[154]  (data  sets  62  and  64),  Gvintherodt  et  al.  [92]  (data  set  206),  and  Powell 

[155]  (data  set  138).  The  slight  upturn  in  the  resistivity  value  at  temper¬ 
atures  close  to  the  melting  point  is  based  on  the  latter  two  data  sets.  This 
upturn  seems  to  be  substantiated  by  the  data  of  Baum  et  al.  [156]  (data  set 
114)  and  of  Kita  et  al.  [93]  (data  sets  212-214).  There  exists  only  two  re¬ 
ports  on  the  change  of  resistivity  value  at  the  y-6  transition,  by  Cezairliyan 
and  McClure  [154]  (data  sets  62-65),  and  by  Kierspe  et  al.  [78]  (data  set  41). 
Both  indicate  a  slight  increase  In  resistivity  from  the  y  to  the  6  phase.  No 
hysteresis  has  been  reported. 

There  are  in  excess  of  10  data  sets  available  for  the  electrical  resistivity 
of  molten  iron.  Some  of  these:  Giintherodt  et  al.  [92]  (data  set  206),  Kita 
et  al.  [93]  (data  sets  211-213),  Baum  et  al.  [156]  (data  set  114),  Arsentiev 
et  al.  [157]  (data  sets  215-216),  Ono  and  Yagi  [89]  (data  set  115),  and  Eliutin 
et  al.  [88]  (data  set  92)  cover  the  transition  from  the  solid  to  the  molten 
state.  The  last  authors  reported  a  decrease  in  resistivity  upon  melting  for 
an  Impure  specimen  ('^99.0%  purity),  in  agreement  with  an  earlier  measurement 
on  Armco  iron  by  Mokrovskii  and  Regel  [158],  whose  result  has  been  widely 
quoted.  However,  the  more  recent  measurements  on  purer  specimens  reported 
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in  the  references  mentioned  above  all  show  an  increase.  The  majority  of  the 
reported  data  show  a  linear  dependence  on  temperature,  and  the  data  of  Seydel 
and  Fucke  [87]  (data  set  205)  which  were  obtained  by  a  pulse-heated  exploding 
wire  technique  show  that  the  linear  dependence  is  applicable  up  to  3000  K. 

The  recommended  values  are  based  on  the  data  of  Giintherodt  et  al.  [92]  (data 
set  206)  and  Kita  et  al.  [93]  (data  sets  212-214),  both  of  which  are  obtained 
by  steady  state  methods.  Values  above  1900  K  are  extrapolated  according  to 
a  linear  temperature  dependence.  The  value  at  3000  K  is  about  7%  higher  than 
that  of  Seydel  and  Fucke  [87].  A  few  of  the  available  data  sets  are  obtained 
by  the  rotating  field  method:  Ono  and  Yagi  [89]  (data  set  115),  Levin  et  al. 
[91]  (data  set  112),  Baum  et  al.  [156,159]  (data  sets  114,121),  and  Samarin 
[94]  (data  set  137).  The  reported  data  among  this  group  show  relatively  large 
variations,  but  are  still  within  4%  of  the  recommended  values. 

The  recommended  values  both  uncorrected  and  corrected  for  thermal  expansion 
of  the  material  are  presented  in  table  7,  while  only  the  uncorrected  values 
(except  those  for  the  liquid  state)  are  shown  in  figures  5  and  6  along  with 
the  experimental  data.  These  values  at  temperatures  above  200  K  are  for  iron 
of  purity  99.99%  or  higher,  while  those  below  200  K  are  applicable  only  to 
highly  purified  zone-refined  iron  having  a  residual  resistivity  of  0.0200  x 
1O-0  ftm.  The  estimated  uncertainty  in  the  recommended  values  is  ±5%  below 
100  K,  ±3%  from  100  to  200  K,  and  ±2%  above  200  K  up  to  the  melting  point. 

The  uncertainty  at  temperatures  immediately  above  the  melting  point  is  about 
±5%,  increasing  to  ±10%  at  the  highest  temperatures. 

For  slightly  less  pure  iron  having  different  residual  resistivity,  its 
electrical  resistivity  values  can  be  calculated  from  the  recommended  values 
using  the  Matthiessen' s  rule,  which  will  not  introduce  serious  errors.  For 
example,  using  Matthiessen' s  rule  for  the  specimen  of  Moore  et  al.  [135]  (data 
set  17)  gives  discrepancies  of  +1.7%  (compared  with  the  measured  data)  at  90  K, 
-2%  at  260  K,  and  <0.1%  at  400  K.  That  for  the  specimen  of  White  and  Woods 
[21]  (data  set  86)  gives  discrepancies  of  -0.5%  at  11  K,  -1.3%  at  22  K,  +1.6% 
at  98  K,  -1.8%  at  178  K,  and  -1.4%  at  273  K.  And  that  for  the  specimen  of 
Fulkerson  et  al.  [136]  (data  set  16)  gives  -1%  at  77.5  K,  +0.6%  at  194  K,  and 
-1%  at  273  K.  Thus,  it  does  appear  that  using  the  Matthiessen' 8  rule  and  the 
recommended  values  will  give  resistivity  values  for  a  specimen  with  residual 
resistivity  lower  than  0.4  x  10”8  Ora  to  within  ±2%,  subject  to  the  uncertainties 


In  the  recommended  values  specified  In  the  preceding  paragraph.  The  applicability 
of  Matthiessen's  rule,  to  within  the  possible  error  of  ±2%,  also  seems  to  be 
confirmed  for  a  more  commonly  available  material,  the  electrolytic  iron.  For 
example,  using  the  rule  and  comparing  with  the  data  of  Hust  and  Glarratano 
[133]  (data  set  47)  for  SRM  Iron-1265  gives  discrepancies  of  -1%  at  100  K, 

-0.9%  at  200  K,  and  -1.5%  at  280  K.  Since  deviations  from  the  Matthiessen's 
rule  for  dilute  iron  alloys  are  positive  (see,  for  example,  Bass  [160]),  Its 
application  In  calculating  the  electrical  resistivity  of  an  iron  specimen  lower 
in  purity  is  likely  to  result  in  an  underestimate,  especially  around  room  tem¬ 
perature  where  the  deviation  from  Matthiessen's  rule  approaches  a  maximum. 

At  high  temperatures,  the  relative  error  introduced  by  the  application  of 
Matthiessen's  rule  should  diminish  with  increasing  temperature. 


The  recommended  values  uncorrected  for  thermal  expansion  given  in  table 
7  can  be  represented  approximately  by  the  following  expressions  to  within  ±0.1%. 

1-200  K: 


P 


0.02  +  58.1 


467/T  x  s 

6  *  ,  dx  +  1.3  x  10"ST2 
(ex-l) 


(26) 


200-900  K: 

P  -  -1.120747752  +  2.261529506  x  10_2T  +  3.913892564  x  10_5T2  + 

2.952608182  x  10~®T3  (27) 

900-1020  K: 

p  *  -513.9789758  +  1.70577020  T  -  1.804410343  x  10_3T2  + 

7.034546961  x  10~7T3  (28) 

1020-1143  K  in  the  vicinity  of  the  Curie  temperature,  T  : 

v 

P  -  101.13  -  2.984305206  x  10-1(TC-T)  +  1.905714112  x  10"3(TC-T)2  - 

1.3355493086  x  10“5(TC-T)3  (29) 

1043-1070  K: 

p  -  101.13  +  2.020277018  x  10_1(T-TC)  -  5.420505212  x  10~S(T-TC)2  + 

1.294364953  x  10'"(T-TC)3  -  1.243596538  x  10"6(T-TC)4  (30) 

1070-1185  K: 

p  -  -1309.064808  +  3.419572717  T  -  2.773870769  x  10“ST2  + 

7.595259559  x  10“V 


(31) 
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1185-1667  K: 

p  -  55.0861977  +  5.289665269  x  10~2T  +  9.77621850  x  10“l2T2  - 

4.0798019  x  10" V  (32) 

1667-1811  K: 

p  =  -11976.94918  +  21.0981583  T  -  1.226701138  x  10“2T2  + 

2.378811917  x  10“6T3  (33) 

1811-3000  K: 

p  =  135.2  +  (T-1811)  x  1.545  x  10"2  (34) 

It  should  be  emphasized  that  these  expressions  do  not  necessarily  suggest 
any  theoretical  justification,  and  should  be  treated, most  appropriately,  as 
numerical  aids  only.  It  should  also  be  understood  that  giving  these  expres¬ 
sions  does  not  imply  a  recommendation  for  the  temperature  derivative  of  the 
electrical  resistivity. 
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TABLE  7.  RECOMMENDED  VALUES  FOR  THE  ELECTRICAL  RESISTIVITY  OF  IRON2 
[Temperature,  T,  K;  Electrical  Resistivity,  p,  10  8fim] 


T 

P 

T 

P 

uncorrected 

corrected 

uncorrected 

corrected 

1 

0.0200 

0.0200 

800 

57.14 

57.56 

4 

0.0202 

0.0202 

900 

72.46 

73.11 

7 

0.0206 

0.0206 

1000 

90.80 

91.76 

10 

0.0213 

0.0212 

1043 

101. lb 

102. 2b 

15 

0.0232 

0.0231 

1100 

107.0 

108.3 

20 

0.0262 

0.0261 

1150 

110.1 

111.5 

25 

0.0313 

0.0312 

1185 

111.9(a) 

113.4(a) 

30 

0.0396 

0.0395 

1185 

lll.O(y) 

112. 1(Y) 

40 

0.0733 

0.732 

1200 

111.5 

112.6 

50 

0.145 

0.145 

1300 

114.9 

116.4 

60 

0.268 

0.267 

1400 

117.9 

119.7 

70 

0.449 

0.448 

1500 

120.7 

122.8 

80 

0.690 

0.689 

1600 

123.0 

125.4 

90 

0.964 

0.962 

1667 

124. 4 (J) 

127. 0(y) 

100 

1.28 

1.28 

1667 

124.6(6) 

150 

3.16 

3.16 

1700 

125.4 

200 

5.20 

5.19 

1800 

127.9 

250 

7.44 

7.44 

1811 

128.6(6) 

273 

8.57 

8.57 

1811 

135.2c(JO 

293 

9.61 

9.61 

1900 

136. 6C 

300 

9.98 

9.98 

2000 

138. 2C 

400 

16.08 

16.10 

3000 

153.6° 

500 

23.66 

23.72 

600 

32.92 

33.06 

700 

44.02 

44.27 

2  The 

values  are  for 

iron  of  purity 

99.99%  or  higher. 

but  those  below  200  K  are 

applicable  only  to  iron  having  a  residual  resistivity  of  0.0200  x  10  8ftm. 
Columns  headed  uncorrected  and  corrected  refer  to  values  uncorrected  and 
corrected  for  thermal  expansion,  respectively.  Dotted  lines  separating 
tabular  values  indicate  solid  phase  transitions  and  solid  line  indicates 
solid  to  liquid  state  transformation, 
a:  bcc;  y:  fee;  5:bcc. 

Value  at  the  Curie  temperature. 

Provisional  value. 


TEMPERATURE.  K 


1200  1300  1400  1900 
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TABLE  8.  MEASUREMENT  INFORMATION  ON  THE  ELECTRICAL  RESISTIVITY  OF  IRON 
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submitted  for  lest  by  Tube  Investments  Ltd. 
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ature  coefficient  between  273  and  373  K,  0.00625;  data  uncorrected  for 
thermal  expanalon,  length  and  mean  diameter  measured  at  288  K;  data 
extracted  from  table;  temperature  below  273  K  (0  C)  measured  by 
platlnuR  resistance  thermoawter . 
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Watanabe,  T.  pared  from  re-electrolytic  Iron  by  alloying  with  Ti;  specimen  prepara¬ 

tion  same  as  the  above  except  (or  no  annealing  In  wet  hydrogen. 


96 


— *  **  X  X 

O  ^  Q  U 

5  §  y  3  1  **  | 

y  y  -•  i  o  5 

a  *o  _  x  u 

a  w  *p  x  *>  •  *t> 

•  •  «H  6C«ad  C 

.■2*8*1  « 

«SJ*£22  § 

d  -u  u  u  c  u  «h 

s^s^H  8 

p  -5  SS  7 

! • 8- S  £  - 

44  a-*  y  §t  y  •• 

>S  e  O  T«  i  »M  g 

x  « x  *  «m  9 

u  «  «<r  -h  a 

•9  u  u  04  *0  x 

«  3  u  <1  ~l 

u  y  to  x  >+-  o  « 

?  1-  u  o  5  & 


>s  X  «  > 

44  a  00  a  y 

■h  u  3  o  3  *9 

>  44  o  m  c 
rl  H  ^  B  q)  ( 

44  £  X  4a  > 

»  B  4J  «  c 

•  C  «  X  "8  S 

y  *m  -9  y  44  «h 


B  3  CO  fl 
to  V  O 
m  d  u  -h 
mu  • 
B  -a  c 

1  -2 1 

B  02 
B  4  a 
3  v  v  y 

"H  61  W  H 


3 

X 
a  44 

8 

U 

vH 

C 

■H  •* 

*5 

o» 

m 

y  m 

y  • 

09  U<  4a 

•>  m 

O 
•  m 

S  3 

44 

M  a-V 

04 

si 

•H 

«4d 

C 

44 

4*  •  0 

O 

d 

to 

60 

•*  U 

V  44 

»  «0 


•H  -9  O  44  *S 

0  *h  44  y 
V  44  X  0  41 

x  5  o.  a 

3  e  u  * 

44  «  *  u 

44  y  4> 

«  MX  •"  X 

C  60  3  M  44  . 

■j  C  44  H  44 

12.82S 


44  *g  3  4  00 

y  3  «-«  v  e 
3  i  ^  c  00-P4 


e  y  «  1  m  m 

O  <0  X  CL  «  «j 
y  44  44  9  X  1 


»W  OOl 
n  y  H4 
-*  «  «  ^ 
H  44  U  » 

«  8  hS 

y  y  44 
to  *h  y 
m  >  y 
to  «  «H  C 

44  *4  44  d 
(0  44  M  44 

a  a  «h  • 
y  ®  Tt 

u  44  y  « 

o  o  m  y 

«44  a  4d 

3  si's 

y  8  5  o 

i  44  u  a 

811  1  • 

c  y  §  *h 


•H  M  «  O 
y  41  m  «rt 
«  •  d  *4 

a.**  y  a 
w  ■a  a  v 


8  a  S 

H5  - 


1  1 

U  M 


1  * 

«  « 

SB 

X 

J 

J 

X 

X 

3  . 

I*X| 

a 

| 

e 

» 

0 

4a 

2 

w  to 

8  . 

u  to 

8  . 

H 

« 

1 

3 

% 

1 

i 

a  44 

a  m 

•  44 

•  66 

1 

1 

i 

3 

s 

ii 

II 

ta  a  £ 

3  2  3 

s 

3 

s 

s 

3 

O 

a^ 

1-4 

a^ 

Data 

Sat 

Ho. 

139 

3 

•* 

•H 

•a 

« 

M 

•+ 

A 

*» 

* 

3 

« 

m 

•M 

I 

aH 

*“0 

w  n  w  1 

8  .  i 


If  45 


3  3 

rH  *4 


Helssner,  M.  and  1910  -»  1.4-273  Fe  5  Speclaen  obtained  froa  Dr.  Kreuaaler;  0.1  a*  In  dlam  and  38.6  m  long; 

Voigt,  B.  distance  between  potential  contacts  54. 2  an;  measurement  method  and 

resistivity  calculation  saare  as  above. 
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TABLE  8.  MEASUREMENT  INFORMATION  ON  THE  ELECTRICAL  RESISTIVITY  OF  IRON  Fe  (continued) 
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TABLE  9.  EXPERIMENTAL  DATA  ON  THE  ELECTRICAL  RESISTIVITY  OF  IRON  Fe  (continued) 
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3.4.  Nickel 

There  are  more  than  100  data  sets  available  for  the  electrical  resistivity 
of  nickel.  The  information  on  specimen  characterization  and  measurement  con¬ 
dition  for  each  of  the  data  sets  is  given  in  table  11.  The  data  are  tabulated 
in  table  12  and  shown  partially  in  figures  7  and  8. 

Since  nickel  belongs  to  the  same  group  in  the  periodic  table  as  iron  and 
is  also  ferromagnetic,  the  electrical  resistivity  of  nickel  is  expected  to 
resemble  that  of  iron.  For  example,  the  solute  resistivities  of  dilute  nickel 
alloys  are  similar  to  those  of  dilute  iron  alloys  in  magnitude  and  in  temper¬ 
ature  dependence  (Schwerer  and  Cuddy  [148]).  However,  since  nickel  is  not 
as  strongly  magnetic  as  iron  (with  a  spontaneous  magnetization  of  6.4  kG  as 
compared  to  21.8  kG  for  iron),  the  magnetic  effect  on  the  electrical  resistivity 
is  not  as  strong  in  nickel  as  it  is  in  iron.  While  the  minimum  in  the  longi¬ 
tudinal  magnetoresistance  at  4  K  of  a  pure  iron  specimen  occurs  at  >750  Oe 
0M)0  x  103Am_1)  (for  example,  see  Fujii  and  Morimoto  [112]),  it  occurs  at 
^250  Oe  for  pure  nickel  (Wycisk  and  Feller-Kniepmeier  [209]  and  Fujii  [210]). 
Furthermore,  for  iron  the  resistivity  at  the  minimum  can  be  as  low  as  one  third 
of  the  value  at  zero  applied  magnetic  field.  For  nickel,  it  was  only  about 
18%  lower  [209,210]. 

The  electrical  resistivity  of  nickel  has  not  been  investigated  as  widely 
as  that  of  iron,  and  there  ha?  been  apparently  lesser  effort  spent  in  its  puri¬ 
fication.  In  fact,  among  the  data  sources  reporting  the  electrical  resistivity 
of  nickel,  less  effort  was  made  to  analyze  the  impurity  content  of  the  speci¬ 
men  than  those  reporting  the  electrical  resistivity  of  iron.  Nonetheless, 
there  are  a  few  data  sets  which  show  very  good  agreement  on  the  residual  re¬ 
sistivity  of  pure  nickel:  ^.0033  x  10~8  fim  at  2.32  K  from  White  and  Tainsh 
[210]  (data  set  31),  MJ.0031  x  10-8 ftm  at  1.85  K  from  Ehrlich  et  al.  [212] 

(data  set  73),  and  0.0033  x  10-8  ftm  from  Wycisk  and  Feller-Kniepmeier  [209] 

(data  set  96).  The  recommended  values  for  the  residual  resistivity  (at  1  K) 
in  based  on  these  data  sets.  The  specimens  of  the  first  two  sources  were  des¬ 
cribed  as  "high  purity"  and  "pure",  respectively.  The  specimen  of  the  last 
source  was  99.999%  pure  and  was  five-time  electron  beam  zone-refined. 

The  temperature-dependent  part  of  the  electrical  resistivity  has  been 
reported  to  contain  mostly  of  a  T2  component  at  low  temperatures  (£10  K):  see. 
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for  example.  White  and  Woods  [21]  (data  sets  33-34),  Ehrlich  and  Rivier  [213] 
(data  set  10),  Greig  and  Harrison  [214]  (data  set  4),  Fert  and  Campbell  [215] 
(data  set  48),  Price  and  Williams  [80]  (data  set  55),  and  Sudovtsov  and  Semenenko 
[203]  (data  sets  77,78).  An  analysis  similar  to  that  applied  in  treating  the 
low-temperature  data  on  the  electrical  resistivity  of  iron,  i.e.,  plotting 
the  quantity 


P  - 


(VT  »v 

■L  (eK-l) 2 


dx 


with  values  of  A  and  0R  equal  to  39.1  x  10-8  ftm  and  456  K,  respectively,  gives 
very  similar  results.  It  increases  as  T2  at  temperatures  below  ^50  K.  It  then 
varies  much  less  rapidly  with  temperature:  with  some  data  sets  (e.g.,  data 
sets  55,57)  there  is  a  plateau  at  VL10  K,  and  with  some  (e.g.,  data  sets  3,43) 
there  is  a  minimum  at  around  the  same  temperature.  At  temperatures  above  150  K, 
it  increases  more  rapidly  and  approaches  a  T3  dependence.  The  coefficient  of 
the  T2  term  (for  temperatures  below  about  50  K)  varies  between  'VI. 5  x  10-5flmK“2 
(data  set  48)  and  ^3.5  x  10“5ftmK-2  (data  set  57),  and  furthermore  there  is 
no  discernible  correlation  between  these  coefficients  and  the  residual  resis¬ 
tivities  of  the  specimens.  However,  the  agreement  between  data  sets  with  the 
lowest  reported  residual  resistivities  are  good.  The  data  set  of  White  and 
Tainsh  [211]  (data  set  31)  yields  a  coefficient  of  2.7  x  10-5  ftm  K-2  and  a 
residual  resistivity  of  '\'0.0Q33  x  10“B  fim,  that  of  Ehrlich  and  Rivier  [213] 

(data  set  10)  yields  2.4  x  10“s  fim  K“2  and  0.0031  x  10-8  fim,  respectively. 

The  data  set  of  Farrell  and  Greig  [216]  (data  set  11)  yields  2.6  x  10~s fim  K-2 
and  0.0095  x  10“B  (Im,  and  that  of  Ehrlich  et  al.  [212]  (data  set  73)  yields 
2.3  x  10-s fim  K~2  and  0.0031  x  10-8 fim.  The  recommended  values  below  60  K 
are  based  on  the  above  four  data  sets,  with  the  values  of  the  coefficient, 

2.6  x  10“ 5  Qm  K~2  is  also  the  mean  of  the  above  four  values.  It  should  be 
mentioned  that  the  plateau  or  the  minimum  region  in  the  quantity 


P  - 


fVT 

l  (ex-l)! 


at  around  110  K  could  not  be  eliminated  by  an  effort  in  adjusting  the  values 
of  A  and  0  .  As  a  consequence,  the  value  of  0„  was  taken  to  be  456  K  and  the 
value  of  A  was  chosen  so  that  the  range  of  applicability  of  the  T2  term  could 
be  extended  to  as  high  a  temperature  as  practicable.  As  an  illustration,  the 


data  of  Farrell  and  Grelg  [216]  (data  set  11)  deviate  from  the  T2  line  by 
+0.005  x  10-8  fim  at  50  K;  this  deviation  increases  to  -0.02  x  10-8  ftm  at  60  K. 

In  the  temperature  range  from  about  60  K  to  room  temperature,  a  number 
of  authors  reported  data  sets  which  agree  well  with  each  other:  White  and 
Woods  [21]  (data  sets  33,34),  Farrell  and  Greig  [216]  (data  set  11),  Laubitz 
et  al.  [217]  (data  set  52).  In  particular,  the  last  two  data  sets  merge  very 
well  at  90  K.  The  recommended  values  in  this  temperature  range  is  based  on 
the  above  four  data  sets,  with  more  weight  given  to  the  last  two. 

For  temperatures  from  the  ice  point  up  to  the  Curie  point,  a  number  of 
data  sets  agree  to  within  ^±4%:  Pallister  [218]  (data  set  14),  Powell  et  al. 

[219]  (data  sets  17,20),  Kierspe  et  al.  [78]  (data  set  37),  Schroeder  and 
Giannuzzi  [98]  (data  set  51),  Laubitz  et  al.  [217]  (data  set  52),  Potter  [199] 
(data  set  53),  Schwerer  and  Cuddy  [148]  (data  set  65),  and  Ahmad  and  Greig 

[220]  (data  sets  89,90).  Of  these,  the  data  of  Laubitz  et  al.  and  of  Potter 
show  particularly  good  agreement  (±2%).  The  recommended  values  in  this  tem¬ 
perature  range  are  based  on  these  results,  with  more  weight  given  to  those  of 
Laubitz  et  al.  [13]  (data  set  52)  and  of  Potter  [199]  (data  set  53). 

The  Curie  temperature  of  nickel  has  been  reported  to  be  631  K  by  Zumsteg 
and  Parks  [221]  (data  set  91),  631  K  by  Standley  and  Reich  [222]  (data  set  2), 
630  K  by  Dutta-Roy  and  Subrahmanyam  [223]  (data  set  3),  M>30  K  by  Laubitz  et 
al.  [13]  (data  set  52),  632.7  K  by  Jackson  and  Saunders  [224]  (data  set  103), 
and  from  629.3  to  629.8  K,  depending  on  specimen,  by  Potter  [199]  (data  set 
53).  Judging  from  the  resistivity  data  of  Pallister  [218]  (data  set  14),  the 
Curie  temperature  is  ^627  K,  of  Kirichenko  and  Mikryukov  [225]  (data  set  27), 
^31  K,  of  Schwerer  and  Cuddy  [148]  (data  set  65),  ^28  K,  of  Kaul  [226]  (data 
set  67),  620-640  K,  of  Shirakawa  [141]  (data  set  76),  ^33  K,  and  of  Schroeder 
and  Giannuzzi  [98]  (data  set  51),  ^38  K.  Among  these  sources,  only  two.  Potter 
[199]  (data  set  53)  and  Zumsteg  and  Parks  [221]  (data  set  91),  give  in  detail 
the  change  of  electrical  resistivity  at  around  the  Curie  temperature.  The 
agreement  between  these  are  very  good:  ±0.5%  below  and  ±1%  above  the  Curie 
temperature.  The  recommended  values  In  the  vicinity  (±25  K)  of  the  Curie  tem¬ 
perature  are  based  on  this  reference,  with  more  weight  given  to  the  result  of 
Zumsteg  and  Parks  at  temperatures  above  the  transition.  The  resultant  values 
are  within  0.3%  of  those  calculated  on  the  basis  of  the  dp/dT  values  reported 
by  Jackson  and  Saunders  [224]. 


At  temperatures  from  the  Curie  point  to  about  1300  K,  the  following  data 
sets  fall  into  a  band  of  width  ^2  x  10”8  (2  m:  Pallister  [218]  (data  set  14), 

Bode  [227]  (data  set  16),  Powell  et  al.  [219]  (data  set  20),  Davis  et  al.  [228] 
(data  set  32),  Laubitz  et  al.  [217]  (data  set  52),  and  Potter  [199]  (data  set 
53).  The  recommended  values  in  this  temperature  range  are  based  on  these  data 
sets,  with  more  weight  given  to  the  data  of  Laubitz  et  al.  [217]  (data  set  52). 
Data  set  52  is  also  used  as  basis  for  recommendation  for  lower  temperatures. 

Unfortunately,  most  of  the  data  sets  mentioned  in  the  previous  paragraph 
are  for  temperatures  below  1300  K.  For  higher  temperatures,  the  available  data 
sets  show  large  discrepancies.  In  addition,  the  resistivity  values  for  lower 
temperature  given  in  these  sets  are  quite  different  from  the  recommended  val¬ 
ues  (for  example,  data  sets  37,72).  However,  for  temperatures  slightly  below 
the  melting  point,  the  data  of  Guntherodt  et  al.  [92]  (data  set  93)  and  of 
Kita  et  al.  [93]  (data  sets  100-101)  are  within  'XjO.S  x  10-8  (2  m  of  each  other. 
Extrapolations,  either  graphically  or  numerically  using  a  cubic  expression, 
from  recommended  values  for  lower  temperatures  give  values  that  are  also  within 
0.5  x  10-8  (2m  of  the  values  reported  by  these  authors.  The  recommended  values 
are,  therefore,  obtained  from  the  numerical  extrapolation. 

At  temperatures  immediately  above  the  melting  point,  the  available  data 
sets  show  a  spread  of  about  6  x  10~8  (2  m.  Between  the  data  of  Guntherodt  et 
al.  [92]  (data  set  93)  and  of  Kita  et  al.  [93]  (data  sets  100-102),  which  well 
agree  below  the  melting  point,  the  difference  is  about  4  x  10~8  (2m.  The  recom¬ 
mended  value  for  the  liquid  phase  at  the  melting  point  is  based  on  the  results 
of  Guntherodt  et  al.  [92]  (data  set  93),  Seydel  and  Fucke  [87]  (data  set  92), 
and  Mokrovskii  and  Regel  [158]  (data  set  56),  which  agree  to  within  0.2  x  10-8  (2m 
The  temperature  dependence  of  the  electrical  resistivity  in  the  molten  state 
has  been  generally  reported  to  be  linear,  e.g.,  Kita  et  al.  [93]  (data  sets 
100,101),  Guntherodt  et  al.  [92]  (data  set  93),  Seydel  and  Fucke  [87]  (data 
set  92),  Samarin  [94]  (data  set  87),  Mokrovskii  and  Regel  [158]  (data  set  56), 
Eliutin  et  al.  [88]  (data  set  49),  and  Ono  and  Yagi  [89]  (data  set  61).  The 
reconmended  values  are  generated  with  a  temperature  coefficient  of  0.011  x 
10”  8  (2  m  K"1,  which  is  slightly  (6%)  lower  than  that  given  by  Kita  et  al.  [93], 
and  slightly  higher  (M.Z)  than  that  determined  from  the  data  of  Guntherodt 
et  al.  [92]  (data  set  93). 

The  recommended  values  for  the  solid  state  both  uncorrected  and  corrected 
for  thermal  expansion  of  the  material  and  those  for  the  liquid  state  corrected 
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for  thermal  expansion  are  presented  in  table  10,  and  the  values  except  those 
corrected  for  thermal  expansion  of  the  solid  are  also  shovn  in  figures  7  and 
8  along  with  the  experimental  data.  These  values  at  temperatures  above  100  K 
are  for  nickel  of  purity  99.99%  or  higher,  while  those  below  100  K  are  applicable 
only  to  highly  purified  zone-refined  nickel  having  a  residual  resistivity  of 
0.00320  x  10  8  (2m.  The  estimated  uncertainty  in  the  recommended  values  is  ±5% 
below  150  K,  ±3%  from  150  to  1300  K,  ±5%  from  1300  K  to  the  melting  point,  and 
±10%  for  the  liquid  state. 

For  slightly  less  pure  nickel  having  different  residual  resistivity,  its 
electrical  resistivity  values  can  be  calculated  from  the  recommended  values 
using  the  Matthiessen's  rule,  which  will  not  introduce  serious  errors.  For 
example,  the  data  of  Ahmad  and  Greig  [220]  (data  set  90)  show  that  for  a  speci¬ 
men  with  a  residual  resistivity  less  than  0.009  x  10  8  (2  m,  the  application  of 
Matthiessen's  rule  causes  an  error  of  about  2%  at  40  K  and  about  1%  at  260  K. 

Also  the  data  of  Greig  and  Harrison  [214]  (data  set  4),  Ahmad  and  Greig  [220] 
(data  set  89),  Berger  and  Rivier  [229]  (data  set  23),  White  and  Woods  [21] 

(data  sets  33,34),  and  of  Kempetal.  [130]  (data  set  43),  which  are  for  speci¬ 
mens  with  residual  resistivities  of  the  order  of  a  few  tenths  of  a  n(2m,  show 
that  the  application  of  Matthiessen's  rule  causes  errors  generally  of  about 
3%  for  temperatures  below  300  K.  The  most  interesting  comparison  is  made  with 
the  data  of  Rowlands  [230]  (data  set  57),  since  his  data  extend  from  liquid- 
helium  temperatures  up  to  above  the  Curie  temperature.  For  this  data  set,  the 
errors  are  less  than  1%  below  20  K,  10%  at  M>0  K,  ^6%  from  'vlOO  to  ^300  K,  and 
drop  to  ^3%  from  ^500  K  to  above  the  Curie  temperature.  This  behavior  is  con¬ 
sistent  with  the  solute  resistivities  for  dilute  nickel  alloys  (see,  for  example, 
Schwerer  and  Cuddy  [148]).  Thus,  when  the  Matthiessen's  rule  is  used  for  cal¬ 
culating  the  electrical  resistivity  of  less-pure  nickel  with  a  residual  resis¬ 
tivity  less  than  0.05  x  10  0  (2m,  the  values  are  likely  to  be  lower  by  ^3%  than 
the  true  values  from  40  K  to  room  temperature,  and  are  llKely  to  lower  by  <1% 
at  temperatures  below  40  K  and  above  the  Curie  temperature.  For  specimens  of 
even  lower  purity,  with  a  residual  resistivity  of  about  0.3  x  10  8  (2m,  the  prob¬ 
able  errors  are  about  2%  at  high  and  at  low  temperatures,  but  may  be  as  high 
as  -10%  at  intermediate  temperatures  (40-300  K). 

The  recommended  values  for  the  solid  state  uncorrected  for  thermal  expansion 
and  those  for  the  liquid  state  given  in  table  10  can  be  represented  approxi¬ 
mately  by  the  following  expressions  to  within  ±0.5%. 


122 


1-60  K: 

P  ! 

60-150  K: 


(  ]s  t  456/T  s  x 

0.0032  +  2.5  x  10“ 5 T2  +  39.lMj  dx 

v  (e  -1) 


p  -  0.4214558798  -  2.07384562  x  10"2T  +  3.48017305  x  10“V  - 
8.609303313  x  10"V 


(35) 


(36) 


150-500  K: 

p  *  -1.355285714  +  2.103190475  x  10“2T  +  1.141428571  x  10“5T2  + 

4.523809524  x  10“6T3  (37) 

500-600  K: 

p  *  -50.1320558  +  2.978166536  x  10_1T  -  5.156360117  x  10"4T2  + 

3.824418489  x  10"7T3  (38) 

600-630  K: 

p  =  28.71  -  1.2315000  x  10_1(TC-T)  +  5.749999984  x  10_“(TC-T)2  (39) 

631-670  K: 

p  -  28.71  +  9.060833333  x  10“2(T-TC)  -  1.809583333  x  10“3(T-TC)2  + 

3.941666667  x  10“5(T-TC)2  -  3.541666667  x  10“7(T-TC)H  (40) 

670-1400  K: 

p  -  -6.329325957  +  8.023011038  x  10-2T  -  4.451156858  x  10-ST2  + 

1.201757591  x  10“®T3  (41) 

1400-1728  K: 

p  -  -9.255955877  +  7.140577598  x  10“2T  -  2.771379283  x  10“5T2  + 

5.589224949  x  10“9T3  (42) 

1728-3000  K: 

p  -  63.22  +  1.10  x  10"2T  (43) 


It  should  be  emphasized  that  these  expressions  do  not  necessarily  suggest 
any  theoretical  justification,  and  should  be  treated,  most  appropriately,  as 
numerical  aids  only.  It  should  also  be  understood  that  giving  these  expressions 
does  not  imply  a  recommendation  for  the  temperature  derivative  of  the  electrical 
resistivity. 


TABLE  10.  RECOMMENDED  VALUES  FOR  THE  ELECTRICAL  RESISTIVITY  OF  NICKEL 


[Temperature,  T,  K;  Electrical  Resistivity,  p,  10  8  ftm] 


T 

i.  :  ,'j  i  i  — f 

P 

T 

P 

uncorrected 

corrected 

uncorrected 

corrected 

1 

0.00320 

0.00320 

630 

28.71 

28.86 

4 

0.00360 

0.00359 

670 

31.06 

31.24 

7 

0.00443 

0.00442 

700 

32.14 

32.34 

10 

0.00573 

0.00572 

800 

35.52 

35.80 

15 

0.00901 

0.00899 

900 

38.58 

38.95 

20 

0.0140 

0.00140 

1000 

41.41 

41.88 

25 

0.0212 

0.0212 

1100 

44.06 

44.65 

30 

0.0317 

0.0316 

1200 

46.62 

47.33 

40 

0.0678 

0.0676 

1300 

49.15 

50.00 

50 

0.135 

0.134 

1400 

51.73 

52.73 

60 

0.242 

0.242 

1500 

54.36 

55.54 

70 

0.377 

0.376 

1600 

56.94 

58.31 

80 

0.545 

0.544 

1700 

59.50 

61.07 

90 

0.741 

0.739 

1728 

60.22(s) 

61.85(s) 

100 

0.959 

0.957 

1728 

82. 23b  (Jl) 

150 

2.21 

2.20 

1800 

83. 02? 

200 

3.67 

3.67 

1900 

84.12? 

250 

5.32 

5.32 

2000 

85.227 

273 

6.16 

6.16 

2500 

87. 727 

293 

6.93 

6.93 

3000 

90.22 

300 

7.20 

7.20 

350 

9.34 

9.35 

400 

11.78 

11.80 

500 

17.67 

17.72 

600 

25.54 

25.66 

The  values  are  for  nickel  of  purity  99.99%  or  higher,  but  those  below  100  K 
are  applicable  only  to  nickel  having  a  residual  resistivity  of  0.00320  x 
10  8  ft m.  The  columns  headed  uncorrected  and  corrected  refer  to  values 
uncorrected  and  corrected  for  thermal  expansion,  respectively.  Solid  line 
b  separating  tabular  values  indicates  solid  to  liquid  state  transformation. 
Provisional  value. 


I  2  3  4  5  6  8  10 
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TABLE  11.  MEASUREMENT  INFORMATION  ON  THE  ELECTRICAL  RESISTIVITY  OF  NICKEL 


o.  01  fN. 

e  to  t 

«  e  cm 

H  « 


233  Kondorakii,  E.I.,  191* 7  A  1.7-20  Ni  99.9  pure;  wire  specimen  0.1  to  0.2  nm  in  diam;  supplied  by  Central 

Calkina,  O.S.,  and  Scientific  Research  Institute  of  Ferrous  Metallurgy;  cold  drawn; 

Chernikova,  L.A.  annealed  in  neutral  gas  at  1173  K  for  1  to  12  h;  residual  resistivity 
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TABLE  11.  MEASUREMENT  INFORMATION  ON  THE  ELECTRICAL  RESISTIVITY  OF  NICKEL  Ni  (continued) 
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5.  APPENDICES 

5.1.  Methods  for  the  Measurement  of  Electrical  Resistivity 

At  the  Center  for  Information  and  Numerical  Data  Analysis  and  Synthesis 
(CINDAS)  of  Purdue  University,  the  experimental  methods  for  the  measurement  of 
electrical  resistivity  have  been  classified  into  various  categories  according 
to  a  similar  scheme  used  by  CINDAS  for  the  classification  of  methods  for  the 
measurement  of  thermal  conductivity  [264,  pp.  13a-25a].  This  classification 
scheme  of  CINDAS  is  presented  below.  Note  that  the  letters  in  parentheses 
following  the  respective  methods  are  the  code  letter  used  in  the  "Method  Used" 
column  of  the  Table  of  Measurement  Information  for  indicating  the  experimental 
methods  used  by  the  various  authors. 

Methods  for  the  Measurement  of  Electrical  Resistivity 

A.  Steady-State  Methods 

1.  Voltmeter  and  ammeter  direct  reading  method  (V)  [265,  p.  159;  266, 
pp.  244-5] 

2.  Direct-current  potentiometer  method  (A)  [267,  pp.  151-8] 

a.  4-probe  potentiometer  method 

3.  Direct-current  bridge  methods  (B)  [267  ,  pp.  144-51] 

a.  Kelvin  double  bridge  method 

b.  Mueller  bridge  method 

c.  Wheatstone  bridge  method 

4.  Van  der  Pauw  method  (P)  [268  ,269] 

5.  Galvanometer  amplifier  method  (G)  [270,  pp.  159-62] 

B.  Non-Steady-State  Methods 

1.  Periodic  current  method 

a.  Direct  connection  to  sample 

(1)  Alternating-current  potentiometer  method  (C)  [267,  pp.  161-2] 

(2)  Alternating-current  bridge  method  (D)  [267,  p.  162] 

b.  No  connection  to  sample 

(1)  Mutual  Inductance  method  (M)  [271] 

(2)  Self-inductance  method  (S)  [272] 

(3)  Rotating  field  method  (R)  [273] 
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5.2.  Conversion  Factors  for  the  Units  of  Electrical  Resistivity 

The  recommended  values  and  experimental  data  for  the  electrical  resistivity 
tabulated  in  this  work  are  in  the  units:  10  8  52  m.  Conversion  factors  for  the 
units  of  electrical  resistivity,  which  may  be  used  to  convert  the  values  given 
in  (10  8  52  m)  to  values  in  other  units,  are  given  below. 

Conversion  Factors  for  the  Up-^s  of  Electrical  Resistivity 

,  .  .  _  ,  Multiply  the  Value 

Units  to  be  Converted  to  Given  ln  (1(f»nn)  by 


ohm-meter  (52  m) 

1 

x  10' 6 

i 

ohm-centimeter  (52  cm) 

1 

x  10'( 

> 

ohm- inch  (52  in.) 

3, 

.937  x 

10 

ohm-foot  (52  ft) 

3, 

.281  x 

10' 

microohm-centimeter  (y52  cm) 

1 

abohm-centimeter  (ab52  cm) 

1 

x  103 

statohm-centimeter  (stat52  cm) 

1. 

.113  x 

10' 

emu  (■  ab52  cm) 

1 

x  103 

esu  (*  stat52  cm) 

1, 

.113  x 

10 

ohm-circular  mil  per  foot  (52  crail  ft  3) 

6, 

.015 

Example:  1.000  x  10  8  52  m  *  3.937  x  10  7  52  in.. 
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